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INTRODUCTION

This report, the eighty-second in a series of
quarterly progress reports issued by the Research
Laboratory of Electronics, contains a review of the
research activities of the Laboratory for the three-
month period ending May 31, 1966. Since this is a
report on work in progress, some of the results
may not be final.
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I. MOLECULAR BEAMS*

Academic and Research Staff

Prof. J. R. Zacharias Prof. J. G. King F. J. O'Brien
Prof. K. W. Billman Prof. C. L. Searle M. A. Yaffee
Prof. E. F. Taylor

Graduate Students

Thornburg, Jr.

J. F. Brenner G. L. Guttrich C.
L Veneklasen

R. Golub W. D. Johnston, Jr.
S. G. Kukolich

IO

A. NEUTRALITY OF THE NEUTRON

An experiment has been undertaken to examine more closely the limit that may be
placed on a possible charge possessed by the free neutron. The implications associated
with such a charge are numerous. A neutron charge of approximately 2 X 10718 electron
charge (e) would explain the expanding universe on the basis of electrostatic repulsion. 1
A neutron charge of approximately 2. 5 X 1071? ¢ would explain the magnetic fields of
the earth and sun.z Finally, the independence of three conservation laws — Conservation
of Baryons, Conservation of Leptons, and Conservation of Charge — is linked to the
strict neutrality of the neutron and the equality of the magnitude of the electron and pro-
ton charges.

The experimental technique employed here was to subject a beam of neutrons to a
strong, uniform, transverse electric field, E. [If the neutrons are assumed to possess
a charge q, this would result.in an angular deflection of the beam

5| &

L
= (1)
v

for small 8. Here, m isthe neutron mass, L is the length of the deflection region,
and v isthe longitudinal beam velocity. Reversing the sense of E would give rise to a
deflection -8; that is, upon field reversal an angular charge of A6 =28 would be expected.
Thus the charge measurement reduces to the detection of small angular beam deflections.
Figure I-1 illustrates schematically the technique that was used, A beam of heavy-
water-moderated neutrons from the M. I. T. reactor, operating between power levels of
2 to 5 Mwatts during the experiment, impinge on a perfect Si crystal with a flux of
approximately 10° neutrons/second. This monochromating crystal Bragg reflects the
desired neutrons of wavelength X = 2.40 A with a scattering angle of 45° onto the second
analyzer Si crystal. When the analyzer crystal is correctly adjusted, the neutrons are

*This work was supported by the Joint Services Electronics Programs (U. S. Army,
U. S. Navy, and U. S. Air Force) under Contract DA 36-039-AMC-03200(E).
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reflected into the conventional BF, detector and counting system. It should be noted that
another, "contamination" wavelength of »/3 = 0.8 A is also reflected. Its effect was

MONOGHROMATING
XTAL SHIELD

el=«—COLLIMATOR SLIT
(w=1.5mm)

HIGH VOLTAGE
DEFLECTION PLATES
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|
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| E———
AND PRE-AMPLIFIER

Fig. 1-1. Schematic diagram of the neutron-neutrality experiment.

carefully measured and accounted for, and thus will not be mentioned in the sequel. Two
boron-enriched slits limit the beam width so as to avoid reflection of the neutrons from
the high-voltage electrodes. The absence of such reflections was carefully determined.
The counting rate is an extremely sensitive function of the angle of incidence of the beam
onto the analyzer. By providing a unique mounting for this crystal, and by carefully
maintaining the apparatus in a constant temperature environment, sufficient stability was
obtained to use the change in counting rate to detect a beam deflection when the trans-
verse electric field was applied. The field was provided by the parallel-plate electrode
structure shown in Fig. 1-1. The construction and support were consistent with providing
negligible gradients to the beam and to maintaining constant field magnitude when the
electric field was reversed by means of the reversing switch. The entire electrode
assembly was contained in a vacuum system, the neutron beam entering and leaving
through thin aluminum windows.

Under the assumption that the neutrons did possess a charge of, say, +1o‘17 e, the
angular deflection of the beam for this geometry would amount to £2 msec of arc when an
electric field of +200 volts/cm was provided. Hence, as the electric field was automa-
tically reversed at 5-min intervals, the angle of incidence of the beam onto the analyzer
crystal would vary by this amount around some zero-field value, 9,

Figure 1-2 shows a typical "rocking curve" of this double crystal arrangement; that
is, the effect of varying the angle of incidence of the neutron beam onto the analyzer

QPR No. 82 2
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crystal. This curve was actually obtained with the high-voltage electrode system in
position, but with E = 0, and by rotation of the analyzer. From the slope of the curve
in the region of 0, the sensitivity of

~ — the experimental arrangement can be
si()
300} A=2.408 . assessed. For low power level oper-
Si(in - . 2-Mw REAGTOR i i i
. BOWER CEVEL ation of the reactor, this was typically
200k 75 n/min-sec of arc, and for high power

level it was 200 n/min-sec of arc. The

INTENSITY {neutrons /minufe )

ool 4 ThiEE = theoretical limit to the half -width of
- %.'"“-,‘ the rocking curve can be shown from
et L B S diffraction theory to be
0 T 2 0 2z 4
ROCKING ANGLE (seconds of arc) bez
ti=n sin 26 (2)

Fig. 1-2. Typical rocking curve of the
double-crystal spectrometer. where M is the atomic density of the

crystal, b isthe crystal structure fac-
tor, A isthe neutron wavelength, and 6 is the Bragg angle. For the arrangement used
here a theoretical 6 of 3. 2 sec is predicted, whereas an excellent value of 4. 1 sec was
attained.

A verification of the equivalence of using this rocking curve for the basis of the sen-
sitivity to beam deflection was made. The beam was actually deflected by positioning
an aluminum prism in the beam in the region between the two crystals. If the prism
angle is a, the corresponding angular deviation of the beam can be shown to be

2
B = 2(l-n) tan a = 2 n%—-tan a, (3)

where n is the index of refraction, M the atomic density, and b the absolute scattering
amplitude of aluminum. It should be noted that such a deflection is fully equivalent to a
neutron charge deflection in its wavelength dependence, as can be seen from Eq. 1 when
the de Broglie relationv = nth is used to eliminate the velocity. Figure 1-3 shows the
agreement obtained between the change in angular deflection of the beam as the aluminum
prism was rotated 180°, as predicted by Eg. 3, and that computed from the measured
change in neutron count rate and the corresponding angular charge ascertained from the
rocking curve.

The experimental results are exhibited in Fig. 1-4. The ordinate axis is the angular
deflection, A8, to the field when on to the field turned off; that is, it is one half of the
angular deflection change under reversal of the sense of the electric field. The error
brackets are found to agree extremely well with those to be expected on the basis of V.

For obvious reasons, much more data were accumulated at the highest value of the
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Fig, 1-3. Experimental verification of apparatus sensitivity
as determined from the rocking curve.
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Fig. 1-4. Expecimental results.

electric field which could be attained. The dotted lines indicate what angular deflection
would have been measured if the neutron charge were as large as £1077e. A least-
squares fit gives (-2. 0+ 3. 8)10"18 e; that is, if the neutron does possess a charge, we
have shown that, with a 68 per cent confidence level, it must lie somewhere within the

dotted band illustrated in Fig. 14.
K. W. Billman, C. G. Skull, F. A. Wedgwood.

[Professor C. G. Skull and Dr. F. A. Wedgwood are at The Center for Materials Science
and Engineering. This work was supported in part by the National Science Foundation,
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II. MOLECULAR COLLISIONS*
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Prof. J. L. Kinsey
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R. P. English M. H. Klumpp
C. H. Fisher J. R. Lawter

RESEARCH OBJECTIVES

Our interest is in molecular collisions at thermal energies. These phenomena are
studied mainly through crossed molecular beam scattering experiments. Two kinds of
collision processes are of interest to this group: (i)collisions which can lead to chem-
ical reactions; (ii) elastic and inelastic nonreactive collisions.

In the chemical studies our aim is to determine some of the finer details of reactive
collisions, such as the anisotropy of product velocities and the distribution of available
amounts of energy, momentum, and angular momentum among the various accessible
modes. The nonreactive studies are mainly concentrated on processes that have some
relevance to chemical processes or energy transfer processes.

This work is supported by National Science Foundation Grant GP-5099, which is not
administered by the Research Laboratory of Electronics.

J. L. Kinsey

ale

This work is supported in part by the Joint Services Electronics Programs
(U.S. Army, U. S. Navy, and U. S. Air Force) under Contract DA 36-039-AMC-~-03200(E).
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A. WORK COMPLETED
1. ULTRASONIC ATTENUATION AND SIZE EFFECT IN GALLIUM

This work has been completed by Akira Fukumoto and submitted as a thesis to the
Department of Physics, M. I. T. , June 1966, in partial fulfillment of the requirements for
the degree of Doctor of Philosophy. A summary of the thesis research follows.

Two different techniques were used to study the Fermi surface of Gallium by geo-
metric resonance, ultrasonic attenuation (UA) and Gantmakher resonance (GR).

The theory of UA in metals is reviewed and a general expression for the attenuation
coefficient is obtained. The surface impedance of a semi-infinite metal is calculated
and the result is used to obtain the surface impedance of a finite plate. These results
are used to discuss the various observable factors of the experiments.

The UA experiment was performed at a frequency of 900 Mc, and geometric reso-
nances were observed at the magnetic field below 1 kgauss. A method to fabricate a
well-oriented crystal, ~0.2 mm thick for. use in GR experiment was developed.
Gantmakher resonances of various line shapes were observed at the magnetic field below
500 gauss.

The experimental results of UA and GR were very similar, and showed very good
agreement with the Fermi surface calculated by the augmented plane-wave (APW) model.
APW bands 7 and 8 were verified in three orthogonal planes with an accuracy of less
than 30 per cent. APW band 4 was verified in two orthogonal planes, and the deviation
was less than 25 per cent. The existence of APW band 5 is strongly indicated by the
experiment and part of this band agreed with the data with less than 15 per cent accuracy.

The line shape of GR signals is discussed. Kaner's theory is extended and a

*This work was su'gported by the Joint Services Electronics Programs (U. S. Army,
U. S. Navy, and U. S. Air Force)under Contract DA 36-039-AMC-03200(E).
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discussion and calculation of the effect of interference of the electric fields arising from
the two opposing surfaces of a thin sample, as is the case in the usual experimental
arrangement, is given. The interference effect of the electric fields arising from the
two surfaces was studied by comparing the line shapes of the samples with and without
shielding on one side of the sample. The dependence of the line shape on the radio fre-
quency and the polarization of the high-frequency field were studied, and a method was
developed to obtain the correct value of the wave vector corresponding to the extremal
orbits of the electrons.

Temperature dependence of the attenuation coefficient of the UA experiment is dis-
cussed briefly.
M. W. P. Strandberg

2. USE OF EMR TO STUDY MAGNETIC FIELD HOMOGENEITY AND
CAVITY CONFIGURATIONS FOR LARGE AQUEOUS SAMPLES

This work has been completed by David D. Milligan and submitted as a thesis to the
Department of Physics, M. I. T. , June 1966, in partial fulfillment of the requirements
for the degree of Bachelor of Science. A summary of the thesis research follows.

The sensitivity of a helical resonator for use as a microwave cavity in an EMR spec-
trometer was investigated. By using experimental techniques and a theoretical analysis,
the sensitivity of this type of helical resonator in studying aqueous samples was found
to be inherently three orders of magnitude below the sensitivity obtained by using a
standard cylindrical cavity with an unloaded Q of 25,000.

A simple and accurate technique for measuring static magnetic field homogeneity
with the use of an EMR spectrometer is discussed and the use of "Roge Shims" to reduce
inhomogeneity was studied. The magnetic field used in this laboratory is found to have
an inhomogeneity of 0.15 gauss per centimeter near the geometric center of the pole
pieces.

M. W. P. Strandberg

3. BOLOMETRIC DETECTION OF COHERENT PHONONS IN QUARTZ

This work has been completed by David W. Vahey and submitted as a thesis to the
Department of Physics, M. I. T. , June 1966, in partial fulfillment of the requirements
for the degree of Bachelor of Science. A summary of the thesis research follows.

Echoes of coherent phonons propagating through x-cut quartz were detected with a
tin superconducting bolometer. The experiments were performed at liquid-helium tem-
peratures with the use of a re-entrant microwave cavity capable of generating phonons
near 9 Gc.

Experimental results on bolometer responsivity are described and tentatively found
to agree fairly well with the theory for bias currents up to 40 ma.

QPR No. 82 10
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In other work, the decay constant for coherent 9-Gc phonon energy in the quartz-
bolometer system has been measured bolometrically to be (0.13 2.035) em™L. This
value is almost a factor of two less than that obtained under similar conditions with a
microwave-reflection technique, and is believed to demonstrate the phase-sensitive
properties of that method of measurement.

Finally, the basis for experiments on phonon transmission across a quartz-indium
interface is described in an appendix, and the results of a preliminary investigations
are presented.

M. W. P. Strandberg

4. APPARATUS FOR MEASURING PHONON DISPERSION IN SINGLE
CRYSTALLINE MATERIAL

This work has been completed by William B. Robbing and submitted as a thesis to
the department of Physics, M. I. T. , January 1966, in partial fulfillment of the require-
ments for the degree of Bachelor of Science. A summary of the thesis research follows.

Circuitry meeting the requirments for detection of phonon dispersion was developed
in order to match a low impedance (2-ohm)superconducting bolometer to a higher imped-
dance (500-ohm)low-noise amplifier. The circuit operates at cryogenic temperatures,
has a 10-90%rise time of 80 msec, produces less than 5% overshoot, and droops less
than 20% for pulses of 10 psec duration. Theoretical calculations predict a droop ~18%
and a rise time of ~100 nsec. The total circuit loss is less than 1.6 db. No heat-pulse
dispersion measurements were made, because of lack of time.

M. W. P. Strandberg

B. SUPERCONDUCTING BOLOMETERS: DETECTION OF AMBIENT ACOUSTIC NOISE

We have observed the low-frequency (20 cps-20 ke¢) noise spectrum of a supercon-
ducting tin bolometer, and find that it has the following characteristics.

1. The noise spectral density varies as (frequency)_n, where n is 2 or slightly
greater.

2. The magnitude of the noise spectral density depends upon whether or not the
bolometer is immersed in the liquid-helium bath.

3. The magnitude of the noise sprectral density depends upon the phase of the liquid-
helium bath, that is, whether it is Helium I or 1L

A plot of the noise spectral density is given in Fig. 111-1.

The characteristic frequency of the noise is so low (approaching zero frequency),and
so much lower in magnitude in nonbubbling Helium II than in bubbling Helium |, that we
are forced to conclude that the electrical ouput noise arises from the detection, by the
bolometer, of the acoustic noise in bubbling liquid helium. The residual noise that is
present when the bolometer is not physically immersed in liquid Helium 11, may arise

QPR No. 8 11
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I AMPLIFER NOISE
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Fig. 111-1. Spectral noise density in a superconducting tin bolometer.

from critical-point fluctuation in the bolometer superconducting normal phase transition.
At the critical point this fluctuation spectrum would also have a characteristic frequency
that approaches zero. This critical-point fluctuation noise should be independent of
whether or not the bolometer is in physical contact with the liquid Helium bath; it is
more probable that the residual noise is simply laboratory ambient acoustic noise
detected by the bolometer.

The increase in the magnitude of the noise with immersion of the bolometer in the
liguid-helium bath would seem to eliminate the transit of quantized flux verticesl as a
source of this noise.

M. W. P. Strandberg, J. D. Kierstead

References

1. D. J. van Ooijen and G. J. van Gurp, Phys. Letters 17 230 (15 July 1966).

C. BOLOMETRIC DETECTION OF COHERENT 9-GHz LONGITUDINAL
PHONONS IN x-CUT QUARTZ

A superconducting bolometerl has been utilized for the detection of coherent 9.0-GHz
longitudinal phonons in an x-cut quartz rod. A bolometer is an energy-sensing device,

QPR No. 82 12
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and the complications associated with the phase-averaging process within the re-entrant
cavity of a conventional microwave ultrasonic receiver, often giving rise to ragged,
nonexponential echo-decay envelopes,?"6 and are thereby circumvented. It has been
pointed out,6 furthermore, that even when nearly exponential decay envelopes are
observed in convential microwave ultrasonic experiments, the apparent loss of ultra-
sonic energy associated with the geometric effect of nonparallelism of the sample end
faces combined with crystalline axis misalignment may greatly exceed the actual intrin-
sic loss caused by crystalline imperfections.

In studies of the temperature dependence of phonon-phonon scattering, an exponential
decay envelope is not needed. The height of an echo that has made many passes through
the sample is measured relative to its value at 4. 2°K, where the phonon-phonon scat-
tering is negligible in comparison with the temperature-independent residual attenuation.
Thus, although phonon-phonon scattering at microwave frequencies has been investigated
in considerable detail in a wide variety of materials and at frequencies as high as
70 GHz in quartz," the absolute value of the residual attenuation at temperatures below
4.2. °K has remained a moot issue, because of the evolution of an unknown phase distri-
bution of the microwave field over the receiving surface of the sample in multiple-
reflection experiments.

For our experiment a quartz rod was selected that was known to have a rather high
residual attenuation below 4.2 °K. Thus the attenuation was sufficiently high to greatly
diminish the usual "beating" effects often observed in microwave ultrasonic attenua-
-6 and a very nearly exponential decay of the pulse-echo envelope
was observed with the microwave receiver, by utilizing a calibration pulse for pulse-
height comparison measurements. As shown in Fig. 111-1, microwave ultrasonic gen-
eration and reception is performed in the same X-band re-entrant cavity at one end of
the quartz rod. The measurements of pulse-echo power, detected in the microwave
cavity, are shown by the upper line in Fig. III-3. Clearly, beating effects are not very
evident in these measurements. The quartz rod utilized in this experiment was 19 mm
long, and therefore the ultrasonic attenuation coefficient derived from these microwave
measurements at 9.0 GHz was 1db/cm.

At the other end of the quartz rod shown in Fig. 111-2, a tin film, approximately
0. 1 thick, was deposited. The experiments were carried out at the superconducting
transition temperature of the tin (3. 7°K}) so that the ultrasonic pulses could also be
detected bolometrically. These measurements are shown by the lower line in Fig. III-3,
The ultrasonic attenuation coefficient derived from the bolometric measurements at
9.0 GHz was 0.6 db/cm.

Comparison of the data taken from the two types of attenuation measurements, as
shown in Fig. 111-3, indicates that the microwave re-entrant cavity technique introduces
an additional factor of 0.4 db/cm in the apparent attenuation measurement. This

tion experiments ,z
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Generation and detection of microwave phonons at 9.0 GHz.

ultrasonic pulses propagating in the x-cut quartz rod are detected by the
conventional, re-entrant cavity method at the left end, and by a super-
conducting bolometer at the right end.

DECIBELS BELOW FIRST ECHO
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Measurements of the ultrasonic attenuation of longitudinal 9.0-GHz
phonons in an x-cut quartz rod, 19 mm long. The upper line repre-
sents measurements of microwave pulses received by the re-entrant
cavity. The lower line represents measurements of the same pulses
received by a superconducting bolometer at the opposite end of the
quartz rod. The higher attenuation observed in the re-entrant cavity
is attributed to unknown phase averaging of the microwave field over
the end face of the quartz rod.
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discrepancy is ostensibly related to the averaging of the unknown phase distribution of
the microwave field over the receiving surface of the x-cut quartz sample.

The use of a metallic film for the detection of ultrasonic energy raises the disqui-
eting question of how much of the energy is absorbed by the film in the detection process.
At low temperatures the conduction electrons contribute heavily to the ultrasonic atten-
uation process in metals whenever their mean-free path becomes comparable to the
ultrasonic wave length. In our bolometric film the electronic mean-free path is limited
by boundary scattering to approximately one-third of the ultrasonic wavelength. The
theory of the electronic contribution to the ultrasonic attenuation in metals derived by
Pippard8 yields an absorption of approximately 0.03 db per echo in the superconducting
film. This small value is consistent with the fact that we could see no change in the
microwave attenuation as the tin film was driven from the superconducting to the normal
state by means of an external magnetic field.

The highest frequency at which Pippard's theory has been verified is 0.9 GHz.” It
is therefore desirable to have an additional experimental check at 9 GHz. This has been
carried out by evaporating a relatively thick (1) indium film on another quartz rod in
place of the bolometer and performing microwave attenuation measurements in this rod
with the apparatus shown in Fig. 111-2.

The ultrasonic impedance of the longitudinal mode in indium is very nearly equal to

3.0p~

2.0

ADb

1.0

0 { | 1 |
0 1 2 3 4
ECHO NUMBER

Fig, I1II-4. Electronic contribution to ultrasonic attenuation
at 9.0 GHz in an indium film, aﬂproximatelyl m
thick. The difference in pulse-echo height, as the
film is driven from the superconducting to the
normal state, is represented by A
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that in x-cut quartz. It is therefore reasonable to assume that virtually all of the ultra-
sonic energy incident upon the quartz-metal interface is transmitted into the film. This
contention is supported by the comparison of our experimental results with theory. The
indium film was driven from the superconducting to the normal state by the application
of an external magnetic field, and the relative changes in the heights of three echoes
were measured, These data are shown in Fig. 111-4. An absorption of 0.07 db per echo is
consistent with Pippard's theory if the effective number of free electrons per atom is
taken as two. This is the same value as that required in a comparison of the Pippard
theory with ultrasonic attenuation measurements in indium at 0.165 and 0.91 GHz,g

The ultrasonic attenuation measurement in the thick film supports our previous esti-
mate of the relatively small absorption coefficient of our bolometric detector. Further-
more, these detectors can be made considerably thinner than 0.1 u. It therefore appears
that the superconducting bolometer may be useful as a phase-insensitive detector that
can be utilized for absolute ultrasonic attenuation measurements at microwave fre-
quencies where unknown phase averaging of the microwave field complicates the inter-
pretation of data obtained by conventional re-entrant cavity reception.

The author would like to acknowledge the assistance of David W. Vahey who per-
formed some of the experiments.

J. M. Andrews, Jr.
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D. ERRATUM: MINIMUM DETECTABLE POWER IN SUPERCONDUCTING
BOLOMETERS

In Quarterly Progress Report No. 81, page 1, the last line should be changed to read:
"the rms equivalent input noise power arising from the three processes is given by,

J. M. Andrews, Jr.
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Academic and Research Staff

Prof. A. H Barrett Prof. L. B. Lenoir Dr. S. H Zisk
Prof. B. F. Burke Prof. D. H. Staelin Patricia P. Crowther
Prof. M. Loewenthal E. R. Jensen

Graduate Students

R. J. Allen G. D. Papadopoulos A. E. E. Rogers
N. E. Gaut E. C. Reifenstein 111 K. D. Thompson
J. M. Moran, Jr. T. L. Wilson

A. ABSOLUTE FLUX MEASUREMENTS OF CASSIOPEIA A AND TAURUS A
AT 3.64 AND 1.94 CM

1. Introduction

During December 1965 and January 1966, a series of observations of the
two strong radio sources Cassiopeia A and Taurus A was conducted at the Haystack
Research Facility of Lincoln Laboratory, M. L. T. The antenna, a cornucopia
horn reflector of approximately 6 m® aperture, has been measured extensively
on a ground reflection antenna pattern range. Drift-scan observations were
made at transit for both sources at two frequencies, 8.25 GHz and 15.50 GHz.
The radiometers were examined for nonlinearity, and the gas-tube noise cali-
bration sources were referred to standard terminations at liquid-.nitrogen tem-
perature. Data were collected on punched paper tape, and drift scans were
individually processed on a digital computer. After baseline subtraction and
scaling, each scan was approximated by a one-dimensional Gaussian curve through
an iteration procedure, with the use of a set of equations developed from the
minimum least-squares error criterion. The data were corrected for atmospheric
attenuation, waveguide losses, integration time constant, source size, and, in
the case of Taurus A, polarization, then converted to absolute flux by using
the measured efficiency of the antenna.

Although mention of this work has been made in a previous progress report,1
the present report constitutes a full description of the measurement techniques and
the method of data reduction.

*This work was supported principally by the National Aeronautics and Space Adminis-
tration (Grant NsG-419 and Contract NSR-22-009-120); and in part by Lincoln Labora-
tory Purchase Order No. 748.
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(IV. RADIO ASTRONOMY)
2. System Parameters

a. Aperture Efficiency of the Horn Antenna

Measurements of the gain of the cornucopia antenna from 2.7 to 16.0 GHz
were performed by A. Sotiropoulos. The substitution method was used on a sim-
ulated free-space range. The data have been analyzed by A. Sotiropoulos and
J. Ruze, of Lincoln Laboratory, and their results have been published in atech-
nical report.' The conclusions pertinent to the present observations are presented
in Table IV-1, where n = aperture efficiency, defined as the ratio of the effec-
tive area to the actual area of the aperture Ag. The quantity p = 2k/nAE is
the number that converts antenna temperature from an unpolarized point source
to flux in units of 10 Wm™2 Hz ™! according to SV = pT,. Because of uncer-
tainties in the measurement of n, the quantity p has an rms error of 4 per cent
at both frequencies.

Table IVV-1. Results.

Frequency (GHz) n p
8.25 0.719 %+ .028 633 + 25
15. 50 0.578 £ .023 787 x 31

b. Rotary Joint and Waveguide Losses

The cornucopia antenna is mounted in such a way as to allow rotation about
its longitudinal axis. Figure IV-1 shows the arrangement. The rotational axis
is aligned East-West, so that the antenna beam is movable in elevation along
the meridian plane. The radiometric instrument box is shown attached to the
antenna. The antenna is connected to the radiometer through a rotary joint, a
6-inch piece of flexible waveguide, and a 6-inch piece of solid waveguide. Fig-
ure IV-2 shows the arrangement.

The calibrations of the radiometer were referred to the indicated flange (Fig. 1V-2).
To account for the loss plus VSWR combination of the rotary joint and connecting
waveguide, the following measurements were taken at both frequencies: The antenna
was replaced with a gas-tube noise source and connected to the rotary joint
through a precision attenuator. The radiometer was left attached to the connecting
waveguide. The precision attenuator was then varied and the temperatures meas-
ured by the radiometer were recorded at T, The second step was to remove

QPR No. 82 18
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(IV. RADIO ASTRONOMY)

the rotary joint and waveguide, and connect the precision attenuator directly to the cal-
ibration flange of the radiometer. The attenuator was then varied through the same

6" sOLID 6" FLEXIBLE ROTARY
WAVEGUIDE WAVEGUIDE JOINT -

e Fig. IV-2. Sketch of the plumbing between
the antenna and radiometer.

TO 4l 41k dlb b
RADIOMETER j oy

RADIOMETER ANTENNA
CALIBRATION CALIBRATION
FLANGE FLANGE

values as before, and the radiometer output recorded as T . The slope of the graph of T,
Vs Ta then yields the quantity and the correction factor desired. The results are given
in Table 1V-2.

Table IV-2. Results.

Frequency (GHz) a
8 25 1.049 x 0.005
15. 50 1.062 + 0.007

The uncertainty in a arises from the slight changes as the rotary joint is
rotated. The error quoted is the maximum deviation that was found.

c. Radiometer System

The radiometric system was designed by S. Weinreb, and built at Lincoln
Laboratory. A description has been given elsewhere. 3 Briefly, the radiometers
at both frequencies are simple Dicke-switched t. r.f. receivers, employing a cas-
cade of wideband tunnel-diode amplifiers followed by a travelling-wave tube
amplifier. The amplifiers have 1000-MHz bandwidth. The signal at the output
of the final RF amplifier is split into two 500-MHz bands (as an aid in iden-
tifying interference) and delivered to the square-law detectors. Figure V-3 shows
the control panel for one of the radiometers with a block diagram of the RF
components. After square-law detection, the signals are synchronously demodu-
lated and applied to linear integrators.

The equivalent noise temperature of the radiometer was calculated by meas-
uring the over-all sensitivity as a function of integration time, with the radiom-
eter balanced on a room-temperature load. The relevant equation is

QPR No. 82 20
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2(Tp+T,)

(AT)rms = —————
NBt

where

(AT)rms = Root-Mean-Square noise fluctuation, measured in °K

TR, = equivalent receiver noise temperature, °K

T, = temperature of the load attached to radiometer input, °K

B = system bandwidth in Hz

T = integration time in seconds.

A plot of log (AT)rms vs + should yield a straight line of slope -1/2, and the inter-
ceptat r = 1sec allows a determination of TR' Figure 1V-4 shows the graphs for a
500-MHz band centered at each of two frequencies, 8.25 GHz and 15.75 GHz.

1.0 1 1 1

RADIOMETER SENSITIVITY
VS

Fig. IV-4. Dependence of sensitivity on
integration time. A straight
line of slope -1/2 has been
run through the points.

0.00! 1 1 1 )
| 10 100 1000
INTEGRATION TIME (SECONDS)

The 500-MHz channel centered at 7.75 GHz is usually severely hampered by inter-
ference; the two 500-MHz channels at 15. 25 and 15.75 GHz are averaged together after
processing. Table IV-3 lists the relevant parameters for the radiometers. The great
stability of these radiometers is exhibited in Fig. IV-5, which shows a histogram of

Table IV-3. Radiometer parameters.

Center Frequency {(GHz)

Quantity 8. 25 15.50 Units
Bandwidth B 500 1000 MHz
Noise Temperature T 1300 2150 °K
Sensitivity for + =1 sec 0. 10 0. 16 °K
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(IV. RADIO ASTRONOMY)

gain change of the 15.50-GHz sys-
tem over a 40-minute time
val.

The over-all linearity of the sys-
tem was investigated in the following
manner: A gas-discharge noise source
was connected to the radiometer
through a precision variable atten-
uator, and the synchronous detector
output voltage recorded at various
settings of this attenuator. Signals
from zero to approximately 30°K were

inter-

Fig. IV-5. Histogram of the per cent gain used, since this figure is approx-
fgf\?gle ]'cgra fr?e'n%'_r::lﬁltqe trle{g?olrrq: imately the size of the calibration
eter. signal in the radiometer. Because

of the high noise temperature of
the radiometer, departures from linearity with such a relatively small input sig-
nal should be negligible, and the measurements bear this out. Let us assume
that a reasonable representation of the relationship between the synchronous detec-
tor output voltage V0 and the input
signal T, in °K, after subtracting
¥ the baseline, is
- T
‘;a‘ ACTUAL SYSTEM T.=aV = bVZ. (1)
B RESPONSE T; i o o
a
év We desire to evaluate the correction
E \;'gg'f,%ANRSE factor to be applied to the data under
2 T the assumption that the detector out-
= Ve put voltage Vo and the input signal T,
SYNCHRONOUS DETECTOR OUTPUT, are linearly related by
V, (VOLTS) T, = oV, )
Fig. IV-6. Sketch of a possible departure

from linearity in the radio-
metric system.

so that both equations yield the calibration signal,

The effects of nonlinearity are repre-
sented by the b coefficient in Eq. 1.
The coefficient ¢ of Eq. 2 is chosen

TCAL' when the detector output

voltage is v Figure 1VV-6 clarifies the procedure. Equating Egs. 1 and 2 with V, = V.

gives
a=c-bV..
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(IV. RADIO ASTRONOMY)

When this is used in Eq. 1it gives
T.=|1-2w -v)| 1., =pT
1 c''c o iL iL’
For the observations reported here, v, = 8. 5 volts, VO = 0. 2 volt (typical). Values of
a, b, ¢, and g, determined from measurements, are given in Table IV-4. As expected,
the correction for nonlinearity B is less than 1 per cent and was neglected in the subse-
quent analysis.

Frequency a b C B
GHz K /volt *K/(volt)? K /volt
8. 25 3.37 2.46 X 10“3 3.39 0.994
15.5 3.04 3.36 X 10'-'4 3. 04 0.999

The temperature of the calibration noise tube in each radiometer was referred to the
difference between a room-temperature load and a termination at the temperature of
liguid nitrogen.* The accuracy of the measurement hinges on the uncertainty of the value
of the temperature at the input flange of the cold load. After correction for VSWR, this
amounts to 0. 5°K at 8. 25 GHz, and less than 1°K at 15. 50 GHz. Since the hot-cold load
temperature difference =215°K, this error is less than 0.5 per cent at both frequencies.
A measurement of the calibration noise temperature consisted of allowing the gas tube
to warm up for 10 seconds, and then averaging the output for precisely 2 minutes. This
procedure was necessary, since the noise temperature of the tube was found to decrease
slightly with time in avery reproducible fashion, an effect which has been noticed pre-
viously in gas discharges. Table IV-5 shows the results of measurements separated by
a 3-month time interval.

Table IV-5. Results of measurements.

Frequency (GHz)

Date 7.75 8.25 15.25 15.75
October 7, 1965 29.37°K 28.87°K 25,74°K 26, 08°K
Jan. 18, 1966 29.14°K 28.72°K 25. 68°K 25.85°K

It is notable that the calibration signals on January 18, 1966, differed in all cases
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by less than 1 per cent from the values on October 7, 1965. W.ith these values of cali-
bration temperatures taken, the 15.5-GHz radiometer was used to measure the temper-
ature of a termination immersed in a slush mixture of melting ice, and the results
compared with temperatures on a mercury thermometer. Including the mismatch at the
load, the radiometric temperature was 20.96 + 0. 05°C (rmserror), whereas the mer-

cury thermometer read 21.0°C. The agreement substantiates the *less than 1%" error
estimate of the calibration-noise temperature.

3. Observations

An attempt to begin measurements was thwarted, in 1964, by a bewildering lack of
reproducibility in the data. The trouble was traced to a faulty antenna elevation indi-
cator. The solution consisted in first fastening a scribed reference block on the sta-
tionary part of the antenna mount, close to the large support ring, (seeFig. IV-1).
Next, a reference marker was attached to the movable support ring at the nominal
elevation of transit for each radio source, thereby making a "setting circle." Because
of the large diameter of the ring, 1/32 inch on the reference marker is equivalent to
2 20 minutes of arc. The reproducibility of aligning a given reference mark with the
scribed block is estimated to be better than 20 seconds of arc — quite adequate for the
job.

An observation consists of the following sequence of events: The horn antenna is
elevated to the desired setting on the reference marker. The paper tape punch is started,
and begins recording the output of the linear integrators every 10 seconds. Approxi-
mately 20 minutes before the source is due to transit, the calibration noise tube is
turned on for 2 minutes. The source then drifts through the antenna beam, and 20 min-
utes later the noise tube is turned on again. Figure IV-7 shows the analog record of a
typical observation.

Fig. IV-7. Drift scan of Taurus A at 2 cm with the cornucopia horn atenna
on January 16, 1966. The recording time constant is 10 seconds,
and the time lapse from region 1 to region 6 is approximately
40 minutes.
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The calibration is off-scale on the analog records, but is recorded correctly on the
paper tape punch. The signal shown is approximately 0.4°K, and the recorder RC time
constant is 10 seconds. Transit drift scans were taken of each source at each frequency
at various elevation offsets as measured on the reference marker.

4. Data Reduction

A computer program was written to process the data automatically. The computer
first reads the tape, recording and numbering the incoming data points sequentially, and
produces a plot of signhal versus point number on the high-speed printer. The observer
then examines the analog record {see Fig. IV-7) to decide which parts of the observation

| | ] | |
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DATA POINT NUMBER

Fig. Iv-8. Region 4 from Fig. V-7, showing the data points and the Gaussian
curve fitted through them by the computer program.

are to be considered as calibration, baseline, and transit data. Upon correlating the
analog record with the printer plot, the observer then informs the computer of the point
number for the beginning and end of each type of data. Figure IV-7 is marked off in the
relevant ranges as follows:
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First calibration signal.

Baseline for first calibration signal.
Baseline for observation before transit.
Transit of radio source.

Baseline for observation after transit.
Second calibration signal.

. Baseline for second calibration signal.

The program then averages the signals for the first calibration and subtracts the
average signal on the first calibration baseline. The same operation is done on the second
calibration. Using the value of this calibration in degrees Kelvin, the computer proceeds
to correct the data between the calibrations for any linear gain changes (a procedure
later found to be unnecessary) and scales the numbers to temperature. Then, the two
blocks of data labelled "baseline* before and after transit are fitted by least squares to
a straight line and this baseline subtracted from the transit data. The uncorrected
transit observation is then fitted by a least-squares iteration procedure to a Gaussian
curve, and the results are printed out. Figure 8 shows the curve calculated from the
corrected data of Fig. IV-7.

No oA w N e

06 CASSIOPEA A
' 15.75 GHz
Q.5+
3
o
a
20.3
<T
o
W 0.2
=
P" ni
0.0
1 1 1 1

Each run is corrected individually for atmospheric attenuation. Ground-level rela-
tive humidity is monitored at the radio telescope site and the total atmospheric atten-
uation is determined from theoretical expressions. Typical zenith attenuations, during
wintertime conditions, amounted to 1.8 per cent at 8.25 GHz and 2.5 per cent at 15.5 GHz.

The peak temperatures for all runs at all different elevation offsets are then fitted
to another Gaussian by the same program to yield finally the peak temperature for the
source. Figure 1V-9 shows the data and the computed curve for one of the sources.

5 Results

The results of all of these measurements are best presented in tabular form.
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Table IV-6. Results of measurements for Cass A

Cassiopeia A Frequency (GHz)
Quantity 8.25 15.25 15.75 Comments
Aa (arc minutes) 45.9 30.0 30.0 Right Ascension response
width
A (arc minutes) 59.4 28. 2 35.3 Declination response
width
Peak temperature (°K) 0.925 0.479 0.425 Parallactic angle of
feed = 90"
(AT) rms 0.004 0.025 0.022
Rotary joint loss 1.049 1.062 1.062 | Correction factors
10-sec linear
integrator 1.000 1.000 1.000 » See Note
Source size 1.002 1.008 1.008
Total correction factor 1.051 1.070 1.070
Corrected temperature 0.972 0. 512 0.455 Degrees Kelvin
Flux Sv 616 399 362 Units 10726 wm™2 m71
Total rms error (%) 4.5 6.5 6.5 See Table 1V-8
Evoch 1965.9 1966.0 1966.0

Note: The source size correction used for Cassiopeia A is the mean of the correction
factors for a disc 4:0 diameter and for a thin ring 4:0 diameter. The beamwidths
used in this calculation were the response widths in Right Ascension andDeclina-
tion listed in Tables IV-6 and IV-7.

Table IV-7. Results of measurements for Tau A

Taurus A Frequency (GHz)
Quantity 8.25 15.25 15.75 Comments
Aa (arc minutes) 47. 1 31. 3 3.1 Right Ascension
response width
Ab (arc minutes) 58.0 34.0 35.8 Declination response
width
Peak temperature (°K) 0. 822 0. 548 0. 507 Parallactic angle of
feed = 90"
(AT) rms 0.005 0.029 0.022
Rotary joint loss 1.049 1.062 1.062
10-sec linear
integrator 1.000 1.000 1.000
Source size 1.0047 1.0120 1.0120  4:2 X 29 Gaussian
Polarization 1.033 1.033 1.033 See Note
Total correction factor 1.0887 1.110 1.110
Corrected temperature 0.895 0.608 0. 563
Flux Sv 567 474 448
Total rms error (%) 4.5 6.5 6. 5 See Table 1V-8
Epoch 1966.0 1966.0 1966.0

Note: The polarization averaged over the source Taurus A at 8.25 GHz has been meas-
ured with the Haystack antenna to be 8.0% at parallactic angle 147". The recent

data of Boland et al.5 at 2.07 cm indicate that the same correction factor may be
applied to the present data at 15. 5 GHz.
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Table 1V-6 shows the results for Cassiopeia A, and Table IV-7 the results for Taurus A.
The rms errors involved in the final result are listed in Table I1V-8 in percentages.

Table IV-8. RMS errors.

Frequency (GHz)

Description of Source of Error 8.25 15.50
Measurement of peak temperature 0.7% 5.0%
Rotary joint losses (rotation) 0.5 0.7
Source model 0.2 0.3
Antenna efficiency 4.0 4.0
Calibration noise 0.5 0.7
Total rms error 4.5% 6. 5%

The data obtained have been plotted on a graph containing all absolute flux measure-
ments that are now available. The results for Cassiopeia A were corrected to 1964.0,
under the assumption of a secular decrease of 1. 1 per cent per year in the flux, and the
data are shown in Fig. 1V-10. Similar results are shown in Fig. 1V-11 for Taurus.

— T T T T T 10 T T T T
e o
L CASSIOPEIA A =
o °o RADIO SPECTRUM i TAURUS A
£ ° e (1964.4) | o - RADIO SPECTRUM
= o 'e
g Z
A 9
x ° | qi—? 10 o0 0
2 op X Y
1w © 3 o bo a
(o) A [F%
a N o
g P
L2 a
o
1 1 Il 1 1 102 i 1 1 1 1
Fig. 1V-10. Fig. IV-11.
Radio spectrum of Cassiopeia A. Open Radio spectrum of Taurus A. Data
circles denote other published values of selected as in Fig. 1V-10.

greater than 10 per cent precision. The
present measurements are indicated by
open triangles.

It is clear that the change in spectral index above 7 GHz for Cassiopeia A, as
reported by Baars and his co-workers,6 has not been found. The radio spectrum is well

QPR No. 82 29



(IV. RADIO ASTRONOMY)

approximated by a low of the form X = kv~ ® (where v = frequency, and k is some con-
stant) for a constant value of a = 0.75 & .05 over the entire range of data shown.

The data for Taurus also suggest a constant spectral index, a. The lower frequency
value of 0. 25 is in reasonable accord with the present results, although the data as a
whole exhibit greater scatter from a smooth curve than for Cassiopeia.

The research described in this report has been made possible through the kind coop-
eration of the staff of the Haystack Research Facility, Lincoln Laboratory, M. I. T. We
wish to acknowledge especially the assistance of John A. Ball, who made some of the
15. 5-GHz observations and offered many helpful criticisms. Also, the data-reduction
problem was greatly facilitated by the CDC 3200 computer, made available by
J. Morriello, and by a paper-tape reading program provided by Patricia P. Crowther
for the Univac 490 computer.

R. J. Allen, A. H. Barrett
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B. RADIO DETECTION OF INTERSTELLAR 084!

Previous radio observations of interstellar OH have been due to the most abundant
16H1 . These observations have allowed the computation1 of the detec-
tion possibilities and accurate line frequencies of the isotopic species OlSH1 « Inpar-
ticular, the F = 2—2, 2'rr3/2, J = 3/2, A-doublet transition was calculated to occur at
1630.3 £ 0.2 Mc/sec. We have observed this line in the absorption spectrum of the
galactic center (Sagittarius A) using the 140-ft radio telescope of the National Radio
Astronomy Observatory. The observations were made during April 30-May 4, 1966, and
consisted in a total of 18 hours of integration. The observations reveal absorptions of
approximately 0. 4°K and 0.1"K at radial velocities of +40 km/sec and - 135 km/sec,

respectively, if the rest frequency is taken to be 1639.460 Mc/sec. The velocities of

istopic species O
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absorption are in excellent agreement2 with those of 016H1 , and the rest frequency

agrees very well with the predicted value. The results of the observations are shown
in Fig. VI-12. A spectral width of 2.0 Mc/sec was the maximum that could be examined
within our assigned time on the antenna. This also precluded making observations of
the line expected at 1637.3 £ 0.2 Mc/sec which might be as much as a factor of two less
intense and, therefore, require four times as much observing time for the same

Fig. I\vV-12. 018H1 absorption profile in the
direction of the galactic center
(Sagittarius A).

Av (resolution), 50 kHz
+=18hr
Theoretical rms, 0.03°K

04 , | | | | | Rest frequency, 1639.460 MHz.
~150 -100 -50 o] 50 100

RADIAL VELOCITY (km/sec)

ABSORPTION (°K)

signal-to-noise ratio.

The theoretical rms noise for 18 hours of integration is 0. 03°K, and it is apparent
that this valve is almost realized. Severe problems arise in spectral-line radiometers
when very long integration times are involved. A dual-switching technique to eliminate
instrumental effects was used. First, a load-switching technique was used on each hour
of observation and the correlator computed the difference in autocorrelation functions
looking at the antenna and then at the load. Then for each hour observation the local
oscillator was shifted to displace any signal from Sagittarius A by 250 kc/sec, from
the previous position in a three-position cycle. The data were then averaged by shifting
the spectra appropriately so that the signals line up in frequency. The data were also
averaged by using shifts opposite to those required to line up the signal data. The dif-
ference of the two averages was then taken and compensation made for the smeared sig-
nal data in the reference spectrum. This last technique eliminated any instrumental
spectra from the correlator which amounted to several degrees. The instrumental effect
in the correlator was due to the fact that errors in the sampler were not entirely random
and independent of the load-switching cycle. This combination of load and frequency
switching may always be desirable, however, for long integration times, even with
improved samples performance.

It is difficult to estimate the 018/016 isotopic abundance ratio from the results of
the observations because of some uncertainty in the interpretation of the 016Hl absorp-
tion. Robinson and co-workers> give an O”’H1 optical depth of 0.9 for the t40 km/sec
absorption feature in Sagittarius A, and similar arguments can be used to infer an
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optical depth of 0.35 forthe —135km/sec feature if the more recent observations of
Bolton and co—workerszare used. Our observations can be interpreted in terms of
o184! optical depths of 2 x 1072 and 5x 1074 for the +40 km/sec and —135km/sec
features, respectively. If we make the plausible assumption that the 018H1 and 016H1
dipole matrix elements are the same, and the more uncertain assumption that the 018H1
and 016I-|1 optical depths are in the direct ratio of the 018/016 abundances, then we
derive 018/016 isotopic abundance ratios of 1/450 and 1/700 for the two absorption
features. These are in good agreement with the terrestrial abundance ratio of 1/490.
Departures of the interstellar ratios from the terrestrial value could easily be explained
by the uncertainty in the observed data, interpretation of the Olf’H1 observations or dif-
ferent excitation and/or formation mechanisms for the two isotopic species of OH. To
the best of our knowledge, the observations yield the first measure of any isotopic abun-
dance ratios for the interstellar medium.

We wish to acknowledge the cooperation of personnel of the National Radio Astronomy
Observatory and the use of the 140-ft radio telescope for our observations.

A H. Barrett, A E. E. Rogers
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C. K-BAND MEASUREMENTS

Measurements of Venus, Jupiter, the Sun, Moon, Taurus A, and 3C273 were made
during the period from January to March, 1966, at wavelengths of 1. 18, 1.28, 1.35,
1.43, and 1.58 cm. The five-channel Dicke radiometer and 28-ft antenna were essen-
tially those described in a previous report." The major additions to the system were
IF gain modulators to permit separate balancing of each channel, and a new antenna feed
to permit operation at lower frequencies.

The preliminary results indicate that the average spectra of Venus and Jupiter exhi-
bited no resonant features at the 1.35-cm wavelength water-vapor resonance.

D. H. Staelin, N. E. Gaut, R. W. Neal,
G. D. Papadopoulos, E. C. Reifenstein
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D. ATMOSPHERIC ABSORPTION AT 72 Ge/sec

An experiment to measure the atmospheric opacity at 72 Gec/sec was performed to
investigate absorption on the wings of the millimeter resonance lines of molecular oxy-
gen. Solar-extinction measurements were made with the 4-mm radiometric system on
the roof of Building 26 at M. I. T., in Cambridge. Radiosonde measurements of the
temperature, pressure, and water-vapor density profiles were obtained from the
Aerospace Instrumentation Laboratory at the Air Force Cambridge Research Labora-
tories for the days of the observations.

On a clear day, the total atmospheric opacity, =, at 72 Gec/sec will be the sum of
the opacities arising from molecular oxygen absorption and water-vapor absorption.

T

T T . (1)
0, 'H,O
+
Generally, Ty o is of the order of 1/3-1/2 of To, at this frequency for typical winter
2 2

atmospheres. For each of the days of observation, theoretical values of the opacity,
based on the radiosonde data, were computed for comparison with the measured opac-
ities. The opacity resulting from water-vapor absorption was computed by using the
absorption coefficient of Barrett and Chungl as modified by Staelin.’ Two separate oxy-
gen opacities were computed for each observing day. In one, the resonance line shape
of Van Vleck and Weisskopf,3
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v Av Ay
F____(v,v ,Av)= — + . (2)
LA S Two[(v-—vo)z + av? (u+vo)z + sz—'

was used for each of the millimeter resonance lines of oxygen; inthe other, the line
shape of Zhevakin and Naumov,4

4vvo Av

2 ’ (3)
(vz— v(z)) + 4v Zsz

was used. The expression for the linewidth parameter, Av, appearing in both the line-
shape expressions was taken as that of Meeks and Lilley. 5

Table 1V-9 shows the measurements compared with each of the theoretical computa-
tions.

FZ—N (v, Vo Av) =

™

Table IV-9. Atmospheric opacities.

"w-w-"T0O +TH,0
VV=-wW
T =T + T
Z-n 0] H,O
ZZ_n 2
v measured (db) T vy (40 T, _p (db)

18 March 1966 1.71 £ 0.15 2.09 1 83
21 March 1966 1 29+0.21 1.94 1.66
29 March 1966 1.37 £0.17 1.67 1.35
4 April 1966 1.65 £ 0.23 1.84 1. 59
15 April 1966 1.62 £ 0.19 1.94 1.68

The measurements appear to be in fairly good agreement with the computations
based on the Zhevakin-Naumov line shape. It is possible, however, to explain the meas-
ured results within the context of the Van Vleck-Weisskopf line shape if the linewidth
parameter, Av, is taken as 0.85 of the value used in the computations. At the pressures
of interest this is not an unreasonable value for Av.

Atmospheric opacity measurements both above and below the 60 Gc/sec complex of
oxygen lines are suggested to resolve this conflict. The line-shape difference is an
asymmetric one, with the VV-W line shape giving more absorption above the resonance
and less below it than the Z-N line shape; whereas a smaller Av gives less absorption
both above and below the resonance.

Also, recent laboratory measurements of the millimeter and submillimeter
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water-vapor lines should be incorporated into a more accurate expression for absorp-
tion at frequencies near 72 Ge/sec.

P. R. Schwartz, W. B. Lenoir

References
1. A. H Barrett and V. K. Chung, J. Geophys. Res. 67, 4259-4266 (1962).
2. D. H. staelin, Sc.D. Thesis, Department of Electrical Engineering, M.I.T.
February 1965.
3. J. H. Van Vleck and V. F. Weisskopf, Rev. Mod. Phys. 17, 227-236 (1945).
4. S. A. Zhevakin and A. P. Naumov, Radio teknika i Elektronika Q (8), 1327 (1964).
5. M. L. Meeks and A. E. Lilley, J. Geophys. Res. 68, 1683-1695 (1963).

QPR No. 82 35



(IV. RADIO ASTRONOMY)

E. OBSERVATIONS OF MICROWAVE EMISSION FROM ATMOSPHERIC OXYGEN

The data taken during the balloon flights in July, 1965, have been reduced.’ The
results of the ascent portion of Flight 154-P are shown in Fig. 1V-13. The solid lines
are theoretical computations based on the Van Vleck-Weisskopf pressure-broadened
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Fig. IV-13. Results of ascent part of
Flight 154-P.
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resonance line shape. The true atmospheric temperature profile (as measured on ascent)
was used in the theoretical computations.

The data of Fig. IV-13 are generally consistent with those taken during previous bal-
loon ﬂigh'cs.2 The theoretical antenna temperatures agree with the measured values for
low heights, at which both are equal to the atmospheric temperature because the optical
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depth is large for all channels. The antenna temperatures of the 200-Mc/sec channels
are the first to depart from the atmospheric temperature at —18-20 km; the antenna
temperatures of the 60-Mc/sec and 20-Mc/sec channels do likewise at 22-24 km and
28-30 km, respectively.

Differences between the measured and theoretical values are evident. On the
200-Mc/sec and 60-Mc/sec channels the measured antenna temperatures are higher than
predicted above the height at which departure from the atmospheric temperature occurs;

HEIGHT (km)

Y, = 611506 Gc/sec
5t Y= 20, 60, 200 Mc/sec
8 = 0,60 (nadir)

| |
0 0.05 0.10

WEIGHTING FUNCTION (km_l)

Fig. IV-14. Temperature weighting functions for Flights 152-P and 153-P.

Table IV-10. Summary of Winter balloon flight experiments.

Flight Date Duration Float Altitude Comments
198-LP 27 Jan. 8 hr 38 km Successful
199-LP 2 Feb. 11/2 hr none Beacon Failure
200-LP 3 Feb. 8 hr 39 km Successful
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35
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Fig. IV-15. Weighting functions for Flights 198-L.P, 199-1.P, and 200-L7P,

whereas the 20-Mc/sec channels behave approximately as predicted by theory. These
results would appear to indicate a higher absorption than predicted at +200 Mc/sec and
+60 Mc/sec from the resonance frequency, and an absorption equal to the predicted value
at £20 Mc/sec from the resonance.

The discrepancy may lie in the theoretical assumption that the absorption coef-
ficient resulting from many overlapping resonance lines is the sum of the individual
absorption coefficients. There has been some evidence that this is not the case in
the wings of overlapping lines, but that the true absorption coefficient is larger
than the sum of the individual ones.

Analysis of the data from Flight 154-P continues; in particular, an inversion
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Table IV-11. Summary of Flights 198-LP, 199-LP, and 200-LP.
Vo = 61. 1506 Ge/sec (local-oscillator frequency)

ATrms ~1-2°K
Vig = center frequency of IF passband

Bwif = bandwidth of IF passband

ho = height of weighting-function maximum

Ah = width of weighting function
Tg = brightness temperature predicted from model atmosphere
8 = angle of antenna direction (from nadir)
0 (deg) v.s (Mc/sec) BW (Mc/sec) h, (km) Ah (km) Ty (°K)
75 20 10 37 7 258
0 20 10 32 10 246
75 60 10 29 8 244
0 60 10 25 9 230
75 275 24 22 7 222
0 275 24 17.5 8 218
40
35
30
25
T Fig. IV-16.
Z2
= Predicted weighting functions for
% flights in Summer, 1966.

U= 64,678 Gc /sec
= Vg =20, 60, 275 Mc/sec
8 =0, 75 ( nadir)

l
0 0.05 0.10
WEIGHTING FUNCTION (km'l)
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method yielding the absorption coefficient at various heights for each of the channels is
being developed. This information will make interpretation in terms of correct line
shapes much easier.

The results of Flights 152-P and 153-P are being analyzed with emphasis on inverting
the microwave antenna temperature measurements to obtain the atmospheric tempera-
ture profile in the 16-38 km height range. The temperature weighting functions for these
flights are shown in Fig. 1V-14.

Another series of balloon flights was undertaken in January-February, 1966, from
Phoenix, Arizona. The purpose of these flights was similar to that for Flights 152-P
and 153-P, namely to make microwave measurements that could be interpreted to yield
the atmospheric temperature profile for a given height range. The flight characteristics
and comments are summarized in Table IV-10. The weighting functions for these flights
are shown in Fig. IV-15. The radiometer was modified slightly to give a better spread
of weighting functions and to probe as deeply as possible for frequencies centered on the
9+ resonance line. The radiometer parameters and the height levels sounded by these
experiments are summarized in Table IV-11. Analysis of these data is under way.

Table 1V-12. Summary of flights in Summer, 1966.
v, = 64.678 Ge/sec

ATemS 1-2°K
@ (deg) Vig (Mc/sec) BW,, (Mc/sec) h, (km) Ah (km) Ty (°K)
75 20 10 29 12 231
75 60 10 22 12 218
75 275 24 16 9 214
0 20 10 14-25 23 225
0 60 10 13 15 224
0 275 24 12 11 227

Future flights are planned for the summer of 1966. Major changes in the
radiometer are being made; the local-oscillator frequency is being changed to
64.678 Ge¢/sec, the 214 resonance which is much weaker than the 9t resonance,
and the three IF will be operated simultaneously rather than singly. The new
frequency will permit weighting functions that penetrate the tropopause to give inver-
sion methods a real test.

The predicted weighting functions for these flights are shown in Fig. 1V-16. The
radiometer parameters and the height levels sounded by these experiments are sum-
marized in Table 1V-12.

W. B. Lenoir
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V. SOLID-STATE MICROWAVE ELECTRONICS*

Academic and Research Staff

Prof. R. P. Rafuse

Graduate Students
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K. D. Thompson Z. Vugrinec

RESEARCH OBJECTIVES

This group, formerly a part of the Radio Astronomy Group, has decided that its aims
are wider than those of the Radio Astronomy Group. As a consequence of this decision,
a new group has been formed. The general areas of interest are in the generation and
amplification of microwave power by solid-state mechanisms with an emphasis on
millimeter wavelengths.

Recent developments include a VHF mixer with 130-db dynamic range (5-dbnoise
figure, 100-kc IF bandwidth, and 40-db down third-order intermodulation limit) a 3-GHz,
single-sideband mixer with 2-db over-all system noise figure (achieved by careful con-
trol of the image impedance in a very good mixer, and a 0.5-db noise figure IF), and a
new and very powerful technique for high-efficiency, high-order harmonic multiplication.

Present plans include development of X-band and 4-mm mixers using Shottky-barrier
diodes (inorder to achieve noise figures of 5 db and lower), continuing investigations of
varactor multipliers of high order, high power and high efficiency, with an eventual goal
of a 100-watt, cw, solid-state transmitter at 2.5 GHz with an over-all DC-to-RF con-
version frequency of better than 50 per cent.

Work also continues on the characterization of millimeter-wave varactors and on
synthesis problems associated with low-noise parametric amplifiers at millimeter

wavelengths.
R. P. Rafuse

1
~

This work is supported by the National Aeronautics and Space Administration (Grant
NsG-22-009- 163).
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Prof. C. H. Perry
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J. F. Reintjes, Jr.
J. D. Wrigley, Jr.

A. WORK COMPLETED

The theses with titles and authors listed below were submitted to the Department of
Physics, M. I. T. , May 1966, in partial fulfillment of the requirements for the degree
of Bachelor of Science.
T. F. McNelly, "Reflectivity and Raman Studies of KTaO; and (K, Na)TaO,."
J. F. Reintjes, Jr., "Temperature Dependence of the Reflectivity and Raman Spectra
in Ammonium Chloride and Ammonium Bromide. "

C. H. Perry

B. INFRARED REFLECTIVITY AND OPTICAL CONSTANTS OF TEKTITES

The room-temperature reflectance of_tpree_Tektites having ca_rrying gompositions has
been studied from 2.5-500 p (4000-20 cm™ ), with the use of a variety of instruments.1,2
The optical constants were obtained from a Kramers-Kronig analysis of the reflectivity
data.3 A classical dispersion formula was used to fit the measured reflectivity curve,4
and approximate values for the frequencies (@),oscillator strengths (sz), and damping
constants (y) were obtained for the two strongest vibrations. The results are the following

w =457 £ 1em™t w, = 1060 5 cm™"
s% =185+ 0 x lo5 (cm_l)z 82 = 5.63 & .0l x 105 (cm-1)2
y1:55i50m_1 yz:80:t50m_l

The Tektites that were investigated had been completely analyzed for the major con-
stituent~which are listed in Table VI-1. The reflectivity curves for a Moldavite {T5309)

k3

This work was supported by the Joint Services Electronics Programs (U. S. Army,
U S. Navy, and U. S. Air Force)under Contract DA 36-039-AMC-03200(E).
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Fig. VI-1. Reflectivity curves for three Tektite samples.
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Fig. VI-2. Optical constants of Tektites (Moldavite T5309).
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Fig. VI-3. Reflectivity curves for fused quartz (5i0,) and Sapphire (A1203).
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Table VI-1. Major constituents of the Tektites investigated.

Moldavite Indochinite Philippinite

T5309 T3988 T3987
Si0, 79.6 73. 3 70.1
Al,O, 10.7 12.4 14.7
CaO 2.8 2.0 33
K,O 3.5 25 2.6
FeO 1.5 4.2 4.2
MgO 1.9 2.3 2.4

an Indochinite (T5309) and a Philippinite {T'3978) are shown in Fig. VI-1. The Moldavite
had the largest percentage of Si0,, and this appears to be the major contribution to the
reflectivity curve, although all three samples show essentially similar features.

The optical constants n and k for the moldavite sample only are shown in Fig. VI-2,
as the values are essentially the same for all three materials. The reflectivity curve
(Fig. VI-1) shows slight shoulders in the region of 1200 em™!, 925 ¢cm™, 750 em™!, and
400 cm-l, as well as the major peaks in the reflectivity at ~1080 cm—l and 460 cm_l.

Figure VI-3 shows the reflectivity curves for fused quartz and sapphire. The Tek-
tite reflectivity measurements are similar in most respects to a compaosite curve of
these materials when the relative compositions of the two major constituents are taken
into account by weighting their individual dielectric dispersion curves. A thin slice,
approximately 50 y thick, of the T5309 sample was used for transmission measurements
and the curve is shown in Fig. VI-4. Owing to the large absorption coefficient, no
measurable transmission could be obtained in the region of the lattice bands, but two

broad bands were observed at 1600 ecm™* and 1850 em ™} and a shoulder at 1950 cm ™.

T5309
90 MOLDAVIT
80 ~50u THICK

501

Fig. VI-4. Transmittance of 50-pn
401

thick slice of the Molda-
vite sample (T5309).

ol
o
T

TRANSMITTANGS (DER GENT)
8
T

S
Q

(@)
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The interpretation of these bands is not understood, as they could be due to second-order
effects or absorption caused by the minor constituents in the materials. It is possible
that studies of thin slices of the other two materials could help in the identification of
these bands, but no measurable shift in the band centers or sharpening of the bands was
observed on cooling the sample to liquid-nitrogen temperature.

Although the results of these studies do not specifically lead to the mode of origin
for Tektites, the reflectivity curves are consistent with the major constituents and do
show a measurable difference in intensity, which depends on the geographic location.
The curves may be of significant importance in the identification of the major constit-
uents of the lunar surface, for example, when studied by infrared techniques.

We would like to thank Professor W. H. Pinson, Jr., Department of Geology and
Geophysics, M. I. T. , for the samples.

C. H. Perry, J. D. Wrigley, Jr.

[The work of J. D. Wrigley, Jr. was supported in part by the Air Force Cambridge
Research Laboratories under Contract AF19 (628)-395. ]
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C. LOW-FREQUENCY VIBRATIONS IN AMMONIUM-CHLORIDE AND
AMMONIUM-BROMIDE CRYSTALS

1. Introduction

Ammonium chloride has a well-known order-disorder transitionl at 242, 8°K, and
the Cs C1 structure both above and below the transition, with the ammonium ion in the
center of a cube of eight chloride ions.? The deuterated compound ND4C1 has the same
structure, with a similar transition at 249.5°K

Ammonium bromide has an order-disorder transitionl at 235°K, which is accom-
panied by a structure change from cubic to tetragonal, with two molecules per unit cell,
and has a further transition back to body-centered cubic at 78°K. This structure is an
ordered one similar to the low-temperature phase of ammonium chloride. A thermal
hysteresis of approximately 30" in specific-heat measurements has been observed in
the lower transition temperature by Professor C. C. Stevenson, Department of
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Physical Chemistry, M. . T.

Hettich3 found that ammonium chloride becomes piezoelectric below the transition,
and Kamiyoshi4 observed discontinuities in the static dielectric constants of both ammo-
nium chloride and ammonium bromide. Menzies and Mills,5 in 1935, reported the
appearance of a low-frequency line in the Raman spectrum of the chloride below the
transition, and Krishnan6 has reported several low-frequency Raman lines in the bro-
mide below its transition at 235°K. The far infrared reflection spectrum of NH,CI at
room temperature was measured by Hoj.endahl,7 in 1938, and the reflection spectrum
of NH/ Br was reported by Rubens and Wartenburg,8 in 1914.

Since all previous investigations had been performed more than thirty years ago, we
decided to repeat both the infrared and Raman studies with the considerably improved
instrumentation now available. The measurements were extended over a wider temp-
erature range, more careful studies were made in the region of the transitions, and
the results of both investigations were correlated and interpreted interms of the low-
frequency lattice vibrations.

2. Experimental Results

The reflectivity curves of NH,Cl at room temperature and liquid-nitrogen temper-
ature are shown in Fig. VI-5 and the reflectivity curves of NH, Br at room temperature,
dry-ice temperature and liquid-nitrogen temperature are shown in Fig. VI-6.

The reststrahlen frequency of NH,Cl occurs at 193 cm_l at room temperature and
shifts to 210 em™ ! at liquid-nitrogen temperature. There is a sideband on the high-
frequency side of the reflection peak which moves to higher frequencies as the tempera-
ture is lowered.

The reststrahlen frequency of NH/Br occurs at 162 em™! at room temperature,
172 cm™} at CO, temperature, and 175 cm_l at liquid-nitrogen temperature.

The real and imaginary parts of the dielectric constant were obtained with a

Kramers-Kronig analysis, and values of €, B W and w, are shown in Table VI-2.

t
& e
The Lyddane-Sachs-Teller relation | = = EQ' was satisfied by the frequency of
€, 00
t

NH, Br at room temperature and of NH,Cl at room temperature and liquid-nitrogen
temperature.

The effective charges of the ions in the lattice were calculated, and the results are
shown in Table VI-3.

The Raman spectra of NH,C1, ND,Cl1 and NH,Br are shown in Fig. VI-7.

A low-frequency line appears in the NH/C1 spectra when the sample is cooled below
241 °K. A similar line appears in the ND,Cl spectra when the sample is cooled below

249,5°K, The shift in frequency of the line from the light to the heavy compound is
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Fig. VI-5. Reflectivity curves of NH,Cl at room temperature and liquid-
nitrogen temperature.
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Fig. VI-6. Reflectivity curves of NH,Br at room temperature, dry-ice
temperature, and liquid-nitrogen temperature.
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Table VI-2. Dielectric constants and vibrational frequencies of NH,C1 and NH,Br.

€
(o]
€ € @ wy (’e:;\)“’t {calc.)
NH,Cl1 ! -1 -
Room Temperature 7.25 2.94 175.0 cm” 272.8 cm 275.0 cm
NH ,C1 -1 -1 1
Nitrogen Temperature 6.70 2.94 188.0 cm 281.5 cm 284.0 cm
NH4Br ) ) 1
NH4Br
CO, Temperature 7.10 3.19 154.0 cm™t 226.8 cm” !
NH4Br

Nitrogen Temperature 7.10 3.19 159.0 cm_1 229.0 cm-l

Table VI-3. Effective charges for NH,Cl and NH,Br
In cubic phase.

O

eff
NH,Cl1
Room Temperature 0.820
NH401
Nitrogen Temperature 0.815
NH4Br
Room Temperature 0.753

Note: These values of O¢s are of the same magnitude
as those obtained for the alkali halides.

QPR No. 82 51

F



QPR No. 82

SITY (ARBITRARY UNITS)

¢ TTEREO

SCATTERED INTENSITY (ARBITRARY UNITS)

NH, CI CRYSTAL

N3 °K
173°K

193 °K
238°K
241°K
245°K
147 cm™! 087k
INSTRUMENT LINES
i 1] i ]

80 120 160 200
Ay fem™)

SCATTERED INTENSITY (ARBITRARY UNITS)

ND, Ci POWDER

INSTRUMENT LINES

NH‘ B¢ POWDER

V\\ 77K
\/\ 80°K
/\ 107 °K
\ 196°K
\ 230°K
\ 239%

169 cm™ 308K

147 em’”
\NSITRUMENT LINES
1 1 1

100 140 180 2_;0

ay {om™)

Fig. VI-7. Raman

f

Av lem™)

i 1 1 ]
EO 120 160

SCATTERED INTENSITY (ARBITRARY UNITS)

SCATTERED INTENSITY {ARBITRARY UNITS)

HH, Ct POWDER

T7°K

196 °K
239°K
248K
l 169 ¢! 308K
147 e
INSTRUMENT LINES
I T T |
80 120 160 200
Ay fem™)
YA’ER
\\/\ 101°K
\/Q 156 °K
{ 196°K
; ,\
P 213°K
) '\
\/‘\ 2279
169¢ 239K
147 ¢
INSTRUMENT LINES
L I T
760 140 160 220

av len™)

spectra OFNH4CI, ND 401, and NH4Br.

52



(V1. OPTICAL AND INFRARED SPECTROSCOPY)

accounted for by the increase in mass of the ammonium ion.

The spectra of NH,Br have two low-frequency lines for temperatures below 230°K,
and one low-frequency line at 77°K. A 30° hysteresis was observed in the temperature
of the lower transition, with the single line remaining until the temperature was raised
to 116"K, in agreement with the specific-heat data of Professor Stevenson.

Table VI-4. Raman and infrared frequencies of NH,C1 and NH,Br,

RT -196" 7r°
IR R IR R IR R
NH,C1 175 - 184 188 188
NH,Br 146.8 - 154 134,180 159 162

The Raman and infrared frequencies are compared in Table VI-4. The good agree-
ment between the transverse optical frequencies and the Raman frequencies at 77°K
indicates that the Raman lines are due to lattice vibrations. The presence of these lines
in the Raman spectrum indicates a diviation from ideal cubic symmetry in the low-
temperature ordered phase.

The presence of two lines in the Raman spectrum at 196°Kagrees with measure-
ments of a tetragonal structure at this temperature. The appearance of only one line
in the reflection curve may be due to the insensitivity of this method of measurement.

The investigation of the temperature dependence of the eigen vibrations by infrared
transmission measurements of thin films of these materials is now in progress.

We would like to thank Professor C. W. Garland, Deparment of Chemistry, M. I. T. ,
(and Materials Center for Science and Engineering) for supplying most of the crystals
used in this work, and Mr. Joseph Lastovka for supplying a large NH,C1 crystal used
for the reflectivity measurements.

J. F. Reintjes, Jr., C. H Perry
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VII. NOISE IN ELECTRON DEVICES*
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A. QUANTUM NOISE IN THE LASER OSCILLATOR WITH FINITE MATERIAL
BANDWIDTH

1. Introduction

Hausl has obtained results for the phase and amplitude fluctuations of the laser
oscillator above threshold by means of a classical model in which the semiclassical
Van der Pol equation contains noise sources that correctly represent the properties
of the field below threshold. We have shown in a previous report2 that this model is
"equivalent" to the quantum analysis (apart from small "saturation" and "quantum®"
corrections), provided the bandwidth of the material is much wider than the cold-
cavity bandwidth. In this report we describe an equivalent classical model for a
laser in which the material bandwidth is arbitrary. "Sufficiently" below threshold
it correctly predicts the moments of the normally ordered products of the creation
and annihilation operators of the field. "Sufficiently" above threshold it predicts the
field moments with an accuracy that is very good but not good enough to distinguish
between normally and unnormally ordered products. The proof of the equivalence of

this model is published elsewhere.3

f 2. Laser Model

The laser oscillates in one mode with
I,ﬁ resonance angular frequency Wo The
W,

Yk ik ° . material system consists of a large num-
ber of many-level systems. Ineach of
v i these there is one level pair with reso-
nance angular frequency N (Fig. VII-1),
Fig. VII-1. Level pair (1,2) of the many- This level pair is dipole coupled the
:oer\(lj%lat)si)ll?tti%?;\/v tb%?vcesé:]t It\(/)vg field mod_e. The modulus & of the coupling
arbitrary levels. constant Is assumed to be independent of

*

This work was supported by the Joint Services Electronics Programs (U.S. Army,
U.S. Navy, and U.S. Air Force) under Contract DA 36-039-AMC-03200(E).
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position. The upper and lower levels of such a level pair will be denoted by subscripts

2 and 1, respectively. The field mode is also coupled to a loss system that represents
radiation into the space outside; the material system is also coupled to a material reser-
voir that introduces pumping, nonradiative decay (or radiative decay into black-body
modes) and randomization into the material system.

The notations used in this report includes the following: the decay constant of the
field as caused by the loss system is denoted p and the cold-cavity bandwidth is then 2p;
the amplification constant of the field as caused by the unsaturated material (if the
material bandwidth were infinitely wide) is denoted by y; the hot-cavity bandwidth is
defined W, = 2{y-}; the material bandwidth is denoted 2I'; we shall also introduce the
decay constant I‘p of the inversion.

3. Loaded LC Circuit Driven by Noise
An LC circuit loaded by a conductance G and driven by a noise-source current irl
(Fig, VII-2) is described by the equations

a1 _.,. dv. =
SLGEEV: CHrtGV -i=i (1)

If we setw, = woy~2; v = (Hwo/ZC')l/ 2 j(a~at) and | = (ﬁwo/ZL)l/ 2 (a+a™), so that the

energy?1 (LI2+CV2) in the LC circuit equals ﬁwoata, then Eqgs. 1 can be transformed to

2= _iwoa = (G/2C)(a-al) - i(zﬁwOC)—l/z i

(2)
+

dg,; = jwoat - (G/ZC)(a"'-a) t 1(2}‘1@00)"1/2 i
We introduce new slowly time-variant variables by setting in = iﬁ(t) exp(icoot) t
i;(t) exp(—icoot); a = af(t) exp(-iwot); at = at(t) exp(iwot). Wk assume that the LC circuit

has a high Q and that i;(t) and i;(t) contain only slow time variations with respect to
exp(:l:iwot). Wk can then neglect the double-frequency drives in Eqgs. 2 and obtain

dal(t) _ da®t) .

——c—&—+ ga(t) = x (t); T+ ga (t) = x (t), (3)
where

g=(G/2C); xF(t) = ﬂ(zﬁwocrl/ 2 ii(t). (4)

The plus and minus signs in Eq- 4 correspond to each other. Eventually we shall use
time-domain and frequency-domain notation. Spectra and correlation functions are
related by
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+00 s d
<u(t+-r) v(t)> = S‘_w <u(w)v(-w)> ewT—i—:—
oo (5)
- —iwT .
ufe) v(-w)> g_w <u(t+-r)v(t)> e dr

If spectra are said to be "frequency independent,” this means that they are frequency-
independent over a range around « = 0 which is very large compared with the various

Fig. VII-2. Noisy loaded LC circuit.

1
LR
3

relaxation constants, but very small compared with ©o Wk shall denote such spectra
by <u"> . The conversion from frequency domain to time domain is described by

du(t)
uft) - u(w); a3t iwu(w). {6)

4. Steady State below Threshold

The equivalent classical model is obtained by assuming that the (normalized) conduc-
tance g consists of a loss conductance and a frequency-dependent gain conductance.
With each of these are associated independent Gaussian noise sources with zero mean.

In the frequency-domain we have

r
- - T - .
X (w) = XL(w) tio T+ T xm(w); and complex conjugate, (7

where 2p is the cold-cavity bandwidth, 21" is the material bandwidth, and vy is the ampli-
fication constant of the field (at zero frequency or infinite material bandwidth) caused by
the inverted material. Operation below threshold requires . >y. The spectra of the

noise sources xi and xfn are frequency-independent and are given by

Gy - Girtd-moy Celn - G- vy
X+Lx;_>: <‘LXL) =0 <Ximxj-n> = Q:I'nx' > = 0,

m

(8)
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If T is the temperature of the loss system and Pg and PO1 are the populations of the
upper and lower level as established by the material reservoir alone, then

B = [exp(ﬁwo/kTL)-l]—l; B, = P‘l’/ (P‘z’ - P‘l’). (9)

Note that the spectrum of the noise source associated with the frequency-dependent gain
conductance is also frequency dependent:

<m£1" X () m+ Tio+ T m(—m)> 55 2Y(14B ). (10)

Equations 3 can be written in the time-domain

d%a(t da(t) - -
a?f ) t (I‘+p)-—d—t———t T (p=y) aft) = (—(%+ 1") xp ()t I‘xm(t); andjogatplex (11)

It is straightforward to obtain the spectrum a+(w)a(—w)> from Eq. 11.
Gt al=w)> = (A4Bu?) /D),
A= T?l2up +2v(148 ) B = 24p;
D(w) = [T (u-y)=’F t (T4 7. (12)

By means of Eq. 5, we can obtain the correlatlon function <a (t+1-)a(t)> Higher order
moments are obtained from the fact that a (t)and a(t') are Gaussian. A discussion of

3
Eq. 12 has been given elsewhere.

5. Steady-State above Threshold

The equivalent classical model is obtained by setting

glo) = p = /T Plo); % () = X] (@) +7 = (@), (13)

iw+ I *m
i and x are independent Gaussian noise sources with zero mean, the frequency-

independent spectra of which are given by

< XL = 2u(+ By, ); x> = 20 (5+ 85,);

B, = [explio_/kT)-1T"; sfn = P/ (75 - ¥5), (14)

where x

where T, is the temperature of the loss system, and P§ and P? are the steady-state
populations of upper and lower levels, respectively, as established by the field and the
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material reservoir. Equations 3 can now be written in the time domain as

a%a(t)

at?

da(t) 2 d - -
+ (D) g+ I'u~(k“/T)P(t)] alt) = (EE* I‘) x; () + I'x (t); and
complex conjugate.  (15)

The net population difference P(t} = Pz(t) - Pl(t) is determined by a set of coupled rate
equations that express conservation of populations and photon number, that is,

dP, (1 da*a(t) y
—a + (62k-61k)——at—+ 2pa aft) | + I’kPk(t) - Z wijJ.(t)
J

_ -
= Xy Top=bpp\@ 2, ¥ xfa), (16)

where ij is the transition probability from level j into level k (Wkk = 0), and 1"k =
z ij is the total transition probability out of level k. The variables on the right-hand

sJide of Eq. 16 are Gaussian shot-noise sources with zero mean, associated with popula-
tion transfer induced by the material reservoir, and with photon transfer between the
field mode and the loss system. The second-order moments of these noise sources will
be described below.

If one sets all noise sources equal to zero, one obtains the semiclassical steady-state
solution (subscript s) with

_ n2 ) . -6 t_ o ie_
= {x /I‘)Ps, a = Rse S; a =R 8
2 s s _
(62k—61k)(2p.Rs) + T P} - z W PS5 = 0. (17)
J

Equations 15and 16 are solved by setting

a(t) = [R_+r] e,

at(t) = [R_+r(t)] eib(t)
P (t) = P} +p,(t), (18)

and linearizing in r, p,, and de/dt. \We approximate da/dt and d%a/dt? by

da dae _dr| ~ie, .
= [—iRs —t dt] e 73 and complex conjugate

2
2 2 .
d"a= [-iR d——g g—g l e-i8, and complex conjugate
2 ‘ ® dt i dt .

dt
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and obtain
R 9-2-9-+(1‘+)@ —(—‘1-+I‘)c +TC | (20a)
5|32 Mgt | \& L m B
a2 (2R 1) d(2R 1) - 4
— (T +p) —=—- 26*R2p(t) = (Et‘* I‘)(ZRSSL) + T@R_S_) (20b)
d

Py d z
it (8578 [—&f (2R r) + z,.t(str)] + Typy - Wi iPy
J

= Xk + (621{_611{) (ZRSSL)’ (ZOC)

where

_1[.+ -8, - i8], 1 -6, - _i6 ‘
SL—Z[xLe +x. e ], S —2[ e tx e ] (21)

In order to evaluate the moments of the S and C noise sources, one treats & as being
independent of x% and x;. One obtains

L
<CLCL> - <SLSL> - H(%"- ﬁL>; <Cmcm> - Sern>= p'(_2.1_4' ﬁ?n) ,
(22a)
< z Wy = (1)2 (atomic rate in t out) (22b)
<( X kJPJ t w Pk) -(1)2 (atomictransfer rate) (22¢)
<xksm> (LR /r)[ T, (5, +6,,) =+ (wk2+wk1)]. (224)

The noise sources Cy, and C,, are independent of the noise sources SL’ Sm, and Xk'
The noise source SL is also independent of Xk' The moments of the noise sources Xk’
ZRSSL, and zRSSm describe, respectively, shot noise associated with population trans-
fer induced by the material reservoir, photon transfer between the field mode and the
loss reservoir (Fig. VII-3), and photon emission and absorption by the material system.
The cross moment of the noise sources Xy and 2R S is hard to interpret; it is propor-
tional to (2|J.R /I‘) that is, to the number cf photons emitted by the material
in the mean time (I')” ; this number is a measure of the expectation value of

the off-diagonal (1, 2)-elements of the material density matrix in the steady state. The
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noise sources of Eq. 20a have been said to be independent of the noise sources of
Egs. 20b and 20c. In the quantum analysis the expectation value of the anticommutator

of the corresponding operator noise sources is indeed zero, but the expectation value
of the commutator is not zero; for example,

PRy
<[Xk' ColD =11 B8y Tyt Oy =Wy )]

<[sm+sL, cm+cL]> =i (ZuRz/ TP, ) 23

These commutators are neglected in our equivalent analysis, which is the cause of its
lack of "quantum accuracy," that is, our analysis is not accurate enough to distinguish
between the various orderings of the creation and annihilation operators of the field mode
in the field moments. In particular, it does not allow us to calculate the field com-
mutator or yield the difference between the second-order Glauber function and the cor-
relation function of the photon number operator.

2p(1+ B ) <a'at 1> 2u(1+B) <a a> Fig. VII-3,
- - Transfer rates of photons between
MATERIAL FIELD LOSS the field mode and the loss system
SYSTEM | MODE | SYSTEM and emission and absorption rates of

photons in the material system.
ZPB:‘ <a a> 2pBL<a+a+'l>

Equation 20a can be solved immediately for phase fluctuations. We neglect dze/d'c2

and dC I_/dt and take into account the fact that the noise sources are Gaussian. Then
we obtain

<exP [ie(t+T)"ie(t)]> = exp{~ _;_wph] T') (242)
2Ty 2 fia
- o) s
“ph ~ (I‘ﬂL) 2P, (1 B ¥ ﬁm)’ (24b)

where P,. = ZpﬁwoRg is the average power in the 2Iaser beam. For I' » g, this result
reduces to the result derived in a previous report.

The solution of the coupled equations (20band 20¢) for the moments of ZRSr(t) is
straightforward but can become very involved for an arbitrary material system. We

give here only the solution for the case in which the material system consists of N
strictly two-level systems. We introduce the following notation:
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- . = ] » = 2
I‘p =Wy F W5 P0 = N(w21 le)/rp’ v=(k /I")Po. (25a)
From the semiclassical equations (Eqgs. 17), it followsthat I' _ is the decay constant of
the inversion, Po is the inversion as established by the material reservoir alone, y is
the amplification of the field (atzero frequency) as caused by this inversion, and the field
amplitude is given by

2 _ . _ ;.2 ’
4pRs = I’p(Po—PS), p=(k /I")PS. (25b)
Wk also introduce
2 -
e= (y-w/p=aRy a=a’(CT )7 w =2(y-p)

e=T/(T+u+tTe) <1; 6= I‘p/zl" <1, (25¢)

In previous reports"2 wp has been called the "hot-cavity bandwidth" (the bandwidth
of the intensity fluctuations if the material has infinite bandwidth); e is the ratio of
the hot-to-cold cavity bandwidth and is directly proportional to power output and
normally very small close to threshold; e”! has been called the "enhancement fac-
tor"; a is the nonlinear constant of the material; E and 6 are two new parameters;
& Is smaller or equal to one because ]."=%I‘P t I‘ph.3 From the equivalent model
(Eqgs. 20-22), we obtain

2. . 4

<I‘(w) r(-a)y = = X i‘*’( )" Ce (26a)
w
A=pé? (—1-+ )(1+ 2+(l+ S ) 1re) -1 22 (1426 26b
= pe| (5t By )(1+e) 5+ By J(1te) -5 —r (1426) e (26D)
Bu? = |J.€2|t(?],;‘+ (SL)(1+462—4e6) + (%+ pfn)](wz/rz) (26¢)
C(.-.)4 = p.ez (—;— t ﬁL)(w4/rg) 462 (26d)
2 2 2 2, J?

D(w) = [Ewh - (w /I‘p)(l—ee+2€6):l +w [1 - (w/r‘p) 266] (26e)

Diw) = (€w,)? + wz[l—Z(emh/l"p)(l—ee-l-Zeﬁ)]

§ & ) rp)z [(1-ce)?+4€25(6-e)] + w(w/ rp)4 46252, (26f)
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By means of Egs. 5 we can calculate <r(t+-r) r(t)> . From Eqgs. 18and 24 and the fact
that o is independent of r, we can then derive moments of at(t)and a(th).

The spectrum of Eq. 26 is of third order in m2. It is hard to discuss it in general
without plugging in specific numbers for various lasers. We can, however, clarify some
aspects of these results through the following remarks.

(i) Neglecting the shot-noise sources that drive the rate equations (16) results in
setting e = 0 in Egs. 26b, 26c¢, and 26d. Since on the one hand the region close to
threshold is the most important one for intensity fluctuations (verify that for » = 0), and
on the other hand e is much smaller than 1 in that region, we conclude that these noise
sources are not very important and that the important noise sources are those that drive
Eq. 15andthat are described in Egs. 13 and 14.

(ii) Neglecting dza/d’c2 and dxi/dt in Eq. 15results in setting 6 = 0 in Eqgs. 26. A
careful investigation of Egs. 26 shows that such an approximation is justified if 6 and
€6 are much smaller than one (say, one order of magnitude smaller than one). Equa-
tions 15and 16 can then be transformed to "modified" rate equations. These have been
discussed elsewhere.3 The spectrum of r becomes then of second order in wZ. It
can have_f resonance peak for w somewhere between €W, and I‘p. If one also sets
E = (l+e} , the modified rate equations reduce to the rate equations discussed by
McCumber4; the conditions 6 « 1, E = (1+e)"l are fulfilled if the material bandwidth 2T
is much larger than the cold-cavity bandwidth 2 and the decay constant I‘p of the inver=-
sion.

(i) If FP » €y, then one may approximate Eq. 26a by

<I‘(w) r(—w)> = :2—:'1?6—%)7 (27)

Although one may lose an experimental verifiable resonance peak for w # 0 in this
approximation, this resonance peak will be much smaller than the spectrum near w = 0.
The result (27) was derived previously for E = 1.3:2 e thus see that the bandwidth of
the intensity fluctuations is narrowed by the factor E = [1+(p./1")+e]'1, that is, mainly
by the effect of a finite material bandwidth (e is present in this reduction factor E

=1
because in this analysis we did not approximate the full nonlinear term (@ t aRg) by
1- aRg, as one does in the Van der Pol equation).
H. J. Pauwels
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VIIl. PHYSICAL ELECTRONICS AND SURFACE PHYSICS
A. Surface Physics*
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1. SINGLE PHONON ACCOMMODATION COEFFICIENTS

Introduction

It is our present purpose tojyreport some recent improvements in quantum-
mechanical accommodation theory. ™~ This study will be reported in detail later.

The essence of the existing theories may be described as follows. An inert gas
atom such as helium, described by an initial wave function ¢'(r), undergoes a collision
with a bound surface atom of a lattice described by an assumed harmonic oscillator wave
function bo(w). A single quantum of energy is transferred in the process. The final
state of the atom is taken to be ¢#{r), and that of the metal atom qJnil(u). The matrix
element for the process is given by

3 3 ok ke - = = =

Bn, n-1"- Sg d'r du ¢ (r) ¥ (u) [Va(r-u)-Va(r)] b (@ ¢ (r), (1)
with

V(T-1) = V{@) - U - YV({©) t—%—Eiu_j  VAVE) - ... (2)
The accommodation coefficient is given by an expression of the form

2

ao = YIBn, n-1 I (3)

where vy contains statistical factors, density of states, constants, and so forth. The

point is that a, the AC, is proportional to the square of the matrix element. These
results are not necessarily in agreement with experimentally determined AC.

*

This work was supported by the Joint Services Electronics Programs (U. S. Army,
U. S. Navy, and U. S. Air Force) under Contract DA 36-039-AMC-03200(E).
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Theory

There should be a great similarity between the lattice theories of neutron scattering,
Mbdssbauer effect, and inert-gas scattering. In all cases the lattice is perturbed by
some external probe —the neutron, recoiling nucleus or incident gas atom — and the

number of phonons is the lattice displacement field changes by some small number,
usually zero or one. Guided by the existing neutron6 and Mé&ssbauer effect7 theories,

we proceed in an extremely cavalier fashion.
The lattice is normal-mode analyzed and second-quantized in the manner of Pines.8

The lattice state is described in the occupation number representation in which the state

vectors are eigenfunctions of the phonon number operator. With the use of Boson cre-
ation and annihilation operators, the necessary mathematical aspects of the Bosen field

may be summarized:

B (- qu,J(m,J Hp- qu g+ DD (Bifentimetiony

T -
[a it%aryr | T 6q,q'6j,j (Commutation) (4b)

q,i’%q
S | ] =[ _
[aq,j’aq'j' B3qj*3qryr | =0

i (Orthonormality) (4c)
<1q+1 laqlnq>= '\/nq +1
<’q"1 l""qlnq>= Vg
Cmlny = oy,

-1
/KT
“q, j _ Thermal

q,j " [ 1] Equilibrium (4d)

It is assumed that the displacement of surface atoms is adequately described in
terms of bulk-mode displacements. The surface atom undergoing collision is assumed
to be at the origin of the coordinate system. Thus the usual expression for the atom
displacement is

U, = Z n \V? A +A
) 2MNo ®q,i%a,i %-q, j q,J (3)

q,]j

By following the lines of Lipkin,9 it can be shown that for small displacements, the
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interaction of Eq. 2 can be expressed as

_ _ _E'EQ 1 _
V, (r-u) -V (r)= e — VVa(r), (6)
|a]

where a is a parameter controlling the range of interaction. This result, which will be
more rigorously derived in a forthcoming paper, is independent of the functional form
of the interaction.

By having the displacement-field operator in an exponential, we have recourse to
some field theoretic results derived by Glauber.10 His result states that the operator
deriving from e_a'u, which induces an n phonon transition is given by

(n) - = .n 1 2
-a-u (.—a.u ) —_— (a-u )> 9

n!

where the expectation value of the square of the a - ﬁl operator is taken with respect to
the thermally excited equilibrium state given by Eq. 4d. In single phonon transitions,
this operator takes into consideration such single-phonon processes in the interaction
expansion of Eq. 2 as occur from operators of the form al a af ), in which a virtual
phonon in the q'ICh mode is emitted and reabsorbed bef@r’e qt'hg' real phonon in the qt
mode is emitted. Processes of this sort give rise to the Debye-Waller factor in neutron
and Méssbauer theory, and also give rise to a pseudo Debye-Waller factor in the atom-
scattering phenomena.

Combining Egs. 1,4, 6, and 7 allows the new single-phonon matrix element to be
written

h

1
- (a. u) . _ _
B! =B . <n]u1n-1> e? >T S‘d3r $"(F) VV_(7) ¢'(7). (8)

n,n-1 Ial

Since

2 Gl - ()

by virtue ofEgs. 4 and 5, it is equivalent to the harmonic oscillator matrix element
of Egq. 1. Furthermore, since the atomic matrix element in Eq. 8 is also equivalent
to that in Eq. 1, the new matrix element becomes

1 a-u)2>

2 T B

B! = e
n,m n, m

and consequently
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<a " %
a =€ a. (9

Thus the new AC is simply the existing single-phonon AC multiplied by the pseudo Debye-
Waller factor. It is a standard matter to evaluate the thermal mean-square displacement
term in the exponent.8 It can readily be shown that

2
2.2 o./T
- =2 _ k% 1 T D x dx
Qa‘“)>rr-m5 z*(“‘e ) SO x_ (e

D e -1

with x = hw/kT. Equation 10 is exactly evaluated in low- and high-temperature limits as

2.2 2 2
’ Ii”a 1 H (T
lim {(a-u) > o e e ( >
T—0 T mke |:4 6 OD

and
2.2
2 h%a T
lim (a- u)> ( > (11)
= < T ™ mk6 o )
Results

Theoretical AC may be obtained by using Eq. 10 or 11in Eq. 9 if values for a, are
known. Gllbey gives numerical values of a, Vs temperature for helium. In most

3 T T T | | T
102" ] Fig. VII-1.
S 2k
T F Pseudo Debye-Waller correction factor for
s L existing single quantum-accommodation-
5 coefficient theories.
1
?
[¢] 02 04 06 08 1.0 L2 .4

(178)

theories, a Morse or exponential repulsive potential describes the interaction. The

value of the parameter z in Eg. 6 is closely related to the range parameter in the

-2a 1r

>

= 300°K for W.

Morse potential. Since the repulsive portion of the Morse potential varies as e

we take a, < a <€ 2a,. For the Ne-W system, a, = 1.3 R"l. We take 6

1 1 D
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With these numbers, the quantity an/“o vs temperature is drawn in Fig. VIII-1, with a
treated parametrically for the temperature range less than the Debye temperature, the
region in which the simple quantum-mechanical model is valid. It is seen that a non-
trivial correction to the original AC results. In Fig. VIII-2 three AC are drawn: the

0.8

] ] ] ] T

T/7™\_ {GILBEY-DEV)

0.02|- \\\Qo a
} 7: Fig. VIII-2.
° T . : ; | Experimental and old and new theoretical
001l x * an(EQ _ accommodation coefficients as a function
x of temperature for He-W.

x EXPERIMENTAL |

uncorrected ao, the new theoretical ¢, given by Egs. 9 and 11, and experimentally
determined AC.!! All a have been adjusted so as to coincide at T = 300°K. This amounts
to multiplying e Ora, by a constant that shifts the axis but not the shape of the curve.
Clearly, the new AC appears to be in better agreement with experiment than the pre-
vious quantum-mechanical expressions. Both the new expression and the data approach
a high-temperature limit from below the limit, whereas the old theory approaches the
same limit from above. It seems quite reasonable to say that if single-phonon AC are
meaningful, then the existing theories should be modified by a pseudo Debye-Waller fac-
tor in order that there may be some quantitative agreement.

A more detailed treatment of this theory, together with an adequate discussion of
the meaning and significance of these results, is forthcoming.

J. W. Gadzuk
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1. THERMIONIC CHARACTERISTICS OF A SINGLE-CRYSTAL TUNGSTEN
FILAMENT EXPOSED TO OXYGEN

Introduction

More than forty years ago, Langmuir and Kingdon' observed that the thermionic
emission from a cesiated tungsten filament could be increased markedly by adsorbing
O, upon the filament. Although this problem has received very little attention in sub-
sequent years, it is now being reconsidered because of its possible importance to
thermionic energy conversion.Z In the past five years the number of investigations of
the effects of electronegative gases (such as O, and F,)on the thermionic properties of
cesiated refractory metals has increased.

The present experiment is designed to investigate the effect of O, on the thermionic
emission from a single-crystal tungsten filament. Our specific objective is to deter-
mine the dependence of the work functions of different crystallographic directions on
O, pressure and filament temperature.

Descriptions of the experimental apparatus and the preliminary data have been
reported in Quarterly Progress Report No. 79, pages 156-166. Hence, we shall con-
centrate here in the results that were obtained after improving the method of introducing
O, into the vacuum system. The diffusion-type leak used previously has been replaced
by a motor-driven Granville-Phillips valve connected to a one-liter flask of research
grade 0,.

Experimental Results

The results shown in Fig. VIII-3 were obtained by increasing the O, pres-
sures in small steps while holding the filament at various temperatures. The
effective work function, ¢E’ is computed from the following form of the Richardson
equation,

*This work was supported by the National Aeronautics and Space Administration
(Grant NGR-22-009-091).
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¢
I=120 ST? exp (—%). (1)

where | is the measured collector current, S is the filament area subtended by the anode
slit, k is Boltzmann's constant, and T is the filament temperature. We have not extra-
polated the measurements of | to zero-field conditions because this correction has only
a small effect on ¢E (~0, 05 eV) for the anode voltage of 500 volts employed here.

The pressures reported in Fig. VIII-3 were measured with a General Electric ion-
ization gauge (Model 22GT102). The thoria-coated iridium filament in the gauge was
used to reduce the errors associated with interactions occurring at a hot filament. Since
the sensitivity of ionization gauges is not well known for oxygen, we have chosen to
express the pressure in terms of the equivalent nitrogen pressure. (Thetrue O, pres-
sure may differ from the equivalent N, pressure by as much as 25 per cent.)

The residual gas pressure increases with increasing filament temperature. This
fact is illustrated in Fig. VIII-3; the minimum pressure shown for each filament tem-
perature represents the pressure of the residual gases when the O, valve is closed.
Hence the pressure readings are the sum of the O, pressure and the pressure of the
unknown residual gases. Although this introduces an uncertainty in the low-pressure
data, this effect becomes negligible at higher pressures.

Notice that the low-pressure limiting values of ¢E shown in Fig. VIII-3 are not the
same for all filament temperatures. This result is to be expected if ¢E depends on tem-
perature, if S is not measured accurately, or if the pre-exponential factor appearing
in the Richardson equation is not 120 as assumed.

Since the O, coverage, 8, has not been measured in this experiment, we are unable
to construct plots of ¢ versus 8 Asan alternative, it is of interest to determine
whether the parameter that is useful for correlating thermionic data for alkali metals
will also be successful for oxygen, The parameter is T/TR, where T is the substrate
(i.e. , filament) temperature and TR is the saturation temperature corresponding to the
particular operating pressure of the gaseous adsorbate. The effective saturation tem-
peratures, T;, employed in Fig. VIII-4 are computed from the following empirical
expression which accurately describes data reported by Honig and Hook5 for the vapor
pressure of oxygen:

log, op =9.25 -48;5%. (2)
R

Since the reciprocal of T/T may be considered as a measure of the converage, it fol-
lows that 4> should appraoch the clean-surface value as T/T increases.

The correlatlon shown in Fig. VIII-4 is surprisingly good. The scatter appearing at
high values of T/TT; may be caused by the factors discussed previously in connection
with the data of Fig. VIII-3. The comparison of the different crystallographic directions
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shown in Fig. VIII-3 is based on curves drawn through the data points of Fig. VIII-4.

Discussion of Results

The 6effect of 0, on the thermionic emission from W was first studied by Kingdon,
in 1924, A similar investigation was performed in greater detail by Johnson and Vick,
in 1937.7 Polycrystalline tungsten filaments were employed in both experiments, and
the O, pressure was not accurately measured.

Uzsing the contact-potential method, Langmuir and Kingdon8 measured work-function

changes for O, on W which were much smaller than those computed from the thermionic
data of Kingdon." Reimann9 repeated the contact-potential measurements and obtained

a maximum contact-potential change of
1.7 eV for O, on W at room temperature.
This value is in good agreement with that
computed from Kingdon's data, and it has
been verified in subsequent investigations
both with the field-emission microscope
and the contact-potential method. 10 A
detailed study of the change in contact
potential with increasing O, coverage on
polycrystalline W has been performed by
Bosworth and Rideal. 1

Since the results of the present study
are, to the best of our knowledge, the first
thermionic measurements of the effect of
O2 on the work function of a single-crystal

Ty substrate, we have no standard compari-

Fig. VIII-5. son. Becker and Brandes'® have, how-

Comparison of the average experimental ever, used the field-emission microscope
results for O, on W; g VS T/TR for to investigate the effect of O, on various

the (100), (111), (112), and (110) crystal- crystallographic planes of W. The general
lographic directions. characteristics of our results agree quali-

tatively with those of Becker and Brandes.
Quantitative agreement is not expected, because of the significant differences in the
experimental techniques. Mueller,13 Gomer and Hulm,14 and George and Stier!® have
also used the field-emission microscope to study O, on W.

As seen in Fig. VIII-5, the maximum work-function change determined from the
present data is —0.83 eV. This value is less than that measured in contact-potential
studies because the filament temperature is sufficiently high to reduce the O, coverage
below the maximum possible value. As inferred in the selection of T/T; as the

¢E (ev)
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correlation parameter, the coverage increases with increasing pressure and decreasing
filament temperature. It is expected that, for the range of pressures and temperatures
used here, the surface coverage does not exceed one monolayer of atomic oxygen.lz’ 16

Although the structure of O, on W IS not completely understood, there is evidence
that absorption and surface rearrangement is greatest on crystallographic planes having
an open-lattice structure.!? This provides a possible explanation for the fact that the
work function of the (110) direction is not affected by 0, as markedly as the other crys-
tallographic directions (Fig. VIiI-5). (We prefer to use the term *crystallographic
direction" instead of "crystallographic plane" because the exact surface structure of the
tungsten filament is not known.)

W. Engelmaier, R. E. Stickney
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2. CONTACT POTENTIAL MEASUREMENTS OF THE WORK FUNCTION
OF TANTALUM AS A FUNCTION OF CESIUM COVERAGE

Introduction

The primary objective of this report is to describe an experimental apparatus
designed to determine the dependence of the work function of a well-defined metallic
substrate on alkali-metal coverage. As an illustration of the experimental technique to
be used, preliminary results obtained for cesium upon a polycrystalline tantalum sub-
strate are presented. In subsequent studies a single-crystal substrate will be
employed to satisfy the condition of a reasonably well-defined, uniform surface.

Apparatus

OXYGEN OR HYDROGEN

As a prerequisite for any precise sur-
face adsorption study, it is imperative
that the surface of interest be kept free
of contamination from background gases.

- Here, this condition is met by mounting
EFLECTOR the apparatus, shown schematically in

THERMIONIC
COLLECTOR ROTATABLE

99

e Fig. VIII-6, within a Varian ultrahigh

vacuum system. The stainless-steel
chamber, with a working space of

45 x 90 cm, is evacuated by a 500 1/s ion
pump. For additional pumping in the
ultra-high vacuum region, titanium is
sublimated upon liquid-nitrogen cold
panel. Since this system can achieve pressures in the low 10710 Torr range (~3 X 10~
Torr forthese runs), it is possible to maintain contamination-free surface conditions
for times much longer than those required for an experimental run.

The apparatus has been designed to furnish information in the most meaningful way
to enable us to carry out our primary objective. The specimen to be studied is a tan-
talum ribbon, 0. 0025 x 0. 127 x 2.54 cm, mounted on a rotatable shaft, (The preliminary
runs utilized a polycrystalline specimen; in subsequent runs a (110) monocrystal will
be studied.) Cleaning of the surface is achieved by direct resistive heating to —2500°K.

Alkali-metal deposition upon the target is obtained by using a zeolite ion source
containing the desired alkali.'" Since the target temperature is maintained at 300°K
during a run, this method allows us to attain and maintain alkali-metal coverages
without flooding the entire system with alkali vapor. Also, by monitoring the col-
lected ion current, the number of alkali-metal ions deposited can be directly and
accurately known. The source is a thin layer of alkali-metal zeolite fused to a plati-
num ribbon 0.005 X 0.635 x 5.1 cm. This ribbon, heated by direct resistive heating,

£3 ELECTRO

N
TARGET it
RIBBON

Fig. VIII-6. Schematic diagram of the
apparatus.

10
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is run at 800-900°C to obtain sufficient ion emission (10_7—10_6 amps/cm2 for the pre-
liminary Cs runs). The emitted ions are accelerated through a 0.635 x 2.54 cm slit,
electrostatically deflected in a 60° analyzer, and beamed on the target through another
0.635 x 2.54 cm slit. The electrostatic analyzer decreases the possiblity of neutral
contamination from the source. For the preliminary runs, the maximum potential
applied between the target and the source is 8 volts.

Changes of substrate work function because of alkali-metal adsorption are measured
by the contact-potential method." " 3 For this measurement, the target is positioned before
a simple electron gun of the Farnsworth style.4 This gun has a polycrystalline tantalum
filament mounted off -center to prevent photoelectric effects and direct contamination.
Since the method requires constant emitter conditions, the filament is continually run
at ~2100°K, and its center is grounded.

Used alone, the contact-potential method tells nothing about absolute work functions.
If, however, the bare-surface work function is known subsequent contact-potential
measurements can be converted to absolute values. In this apparatus, the thermionic
work function of the clean target is measured by positioning the target at the therionic
measurement station. This station consists of a collector, subtending a center portion
of the tantalum ribbon, bounded by two guard rings. The geometry of this station is
planar.

As shown in Fig. VIII-6, the target may also be positioned before an oxygen/hydrogen
molecular beam. Diffusion leaks are used to supply the oxygen or hydrogen required
to form the beam. Such a beam serves a double purpose. First, oxygen is useful in
the cleaning of the surface.5 Second, the molecular beam allows us to study the effect
of additive gases on the work function of alkali-metal covered surfaces. Such studies,
though interesting in their own right, serve as important standards against which the
uncontaminated data may be checked.

As well as controlled contamination runs, quantitative studies will be made with the
use of a G. E. monopole partial pressure analyzer. These studies will quantitatively
check adsorbate purity and unwanted background contamination. The device is avail-
able and can easily be attached to the system.

A liquid-nitrogen cold finger may be added for two auxiliary studies. Cooling the
surface will allow studies at high overlayer coverages and provide a check on the pos-
sible dependence of work function upon temperature.

Experimental Method

Changes in the target work function are measured by the contact-potential method.
The principles of this method are schematically shown in Fig. VIII-7. The potential

energy diagram for an emitter with a constant work function, b and a collector with
a clean function, ¢0, is shown in drawing A In the case shown, a voltage, Vo = ¢E - 4’0‘
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is applied to the collector. This voltage is the contact potential difference between the
emitter and the clean collector. Drawing A corresponds to the break point in the solid
curve fn vs V; for collector voltages greater than Vo the electrons are retarded and
the Boltzmann portion of the curve is obtained. If the work function of the collector is

A POTENTIAL DIAGRAM B POTENTIAL DIAGRAM FOR
FOR CLEAN COLLECTOR WORK FUNCTION
COLLECTOR CHANGE OF -a¢

| $=¢_-Ad
4> % ¢ -0

E E V=VO+A¢

1V, -

Fig. VIII-7. Illustrating the contact-
potential method.

%

decreased, the situation is that shown in drawing B. Here again the voltage applied,
V = b ~é, + A+, is the contact potential. Thus, changing the work function of the
collector (relative to the emitter) by A¢ changes the contact potential by A+. The net
result is that the Boltzmann portion of the I-V plot is shifted, parallel to the clean plot,
by an amount A4, Thus, to measure changes in the collector work function, we need
measure only the shift of the I-V plot relative to the clean plot.

The contact potential method has two primary advantages: it measures changes of
work function directly; and since the collector is kept at ~300°K, alkali-metal coverage

0.1 mp AMP/DIVISION

I-COLLEGTED CURRENT
I mu AMP/DIVISION
T

V-RETARDING POTENTIAL | VOLT/DIVISION

Fig. VIII-8 Typical retarding-potential plots.
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can be maintained without a high background pressure of alkali-metal vapor. The main
disadvantage is that the method measures only changes and not absolute values; however,
this is overcome by making an independent measurement of the thermionic work function
of the surface. (The work function characterizing the emission of electrons at high
temperatures will equal that characterizing the collection of electrons at room temper-
atures only if the properties of the surface are uniform and independent of temperature.)

The actual experimental method is best understood by referring to Fig. VIII-8. For
each run, two retarding-potential plots are made. The small-scale plots, at the left in
Fig. VIII-8, allow qualitative comparisons of different runs while the expanded-scale
plots allow quantitative comparisons of the highly retarded portions of different runs.
For instance, curve 1represents a retarding-potential plot for a cleaned surface. Sub-
sequent plots with adsorbed alkali-metal films (e.g., curves 2 and 3)are considered
satisfactory for quantitative comparisons only if they are parallel to the clean curve
(within ~0. 63 eV) and show the same saturation current. In order for such standards
to be valid, however, background contamination must be negligible.

The possibility of background contamination is checked in the following way. After
each run with an adsorbed alkali-metal film, the surface is flashed and a retarding-
potential plot is taken. To ensure reproducibility of the clean surface, this plot must
always coincide with curve 1. An occasional contamination check is then made by
allowing the clean surface to sit for a time (~20 minutes) longer than the maximum time
for a run (~9 minutes). If, during this time, the surface contaminates enough to shift
the curve by greater than ~0. 02 eV, the previous runs are discarded.

Results for Cesium on Tantalum

The experimental results for cesium upon polycrystalline tantalum are shown in
Fig. viii-9 where work function change is plotted against the number of cesium ions
applied. Three features of this plot are worth noting. First, at low coverage the work
function decreases almost linearly with coverage. Second, the curve shows a maximum
work function decrease (~2.47 eV at a coverage of 7 x 1013). Third, though more high-
coverage data are needed, the work-function change at high coverages appears to reach
a limiting value (-2.21 eV).

To compare the data eventually with theoretical predictions, we must convert the
number of cesium applied into a fractional coverage, 8 For convenience we have
assumed one-monolayer coverage (6 = 1)to be the point where the curve of Fig. VIII-9
becomes flak Quantitatively, © = 1 is defined as the point where 15.5 X 10t3 cesium
paricles have been applied to the surface. By this definition, the curve is linear up to
approximately 8 = 0.15, and the minimum occurs at approximately 8 = 0.5. It is also
interesting to note that if we divide the number of cesium in a monolayer (15.5 X 1013)
by the apparent target area exposed to the cesium beam (~0. 322 cm2), the monolayer
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Fig. VII-9. Experimental data for Cesium on Tantalum.

denisty of cesium is found to be ¢ = 4. 8 X 1014 cesium/cmz. This is the same value
Taylor and Langmuir used for cesium upon a rough tungsten surface. 6

Faulty design of the present thermionic measuring station made it difficult to obtain
a reliable measurement of the work function of the bare tantalum surface. Despite this,
a thermionic bare-surface work function of 4. 15 + 0. 1 eV was estimated from the therm-
ionic measurements. Based on this value, the minimum work function occurring near
8 =05 is found to be 1.68x0. 1eV, and the limiting value for full coverage
is 1.94 £0.1 eV,

It must be recognized that these numbers are only approximations. For a patchy
surface, a thermionic measurement will accentuate low work-function patches, while
the contact-potential method attaches more relevance to an averaged work function. 3
Using the thermionically measured work function for the 300°K surface is also dubious
if the work function displays a strong dependence upon temperature.

Beyond these two points there is another serious point to be raised. If appreciable
cesium atom desorption occurs at high coverages, serious doubt is cast upon our defi-
nitions of coverage. Since we have no way of measuring atomic desorption rates, two
limiting cases have been calculated by using an expression derived by Rasor and
Warner." If, as Rasor and Warner assume, the atomic heat of adsorption is constant at
all coverages and has a value of ~1. 6 eV for cesium upon tantalum, no appreciable
desorption will occur until coverages near © = 0.99 are reached. If, on the other hand,
the heat of adsorption at high coverage tends toward the value for vaporization of bulk
cesium (~0. 80 eV) serious desorption would begin at coverages of 8 = 0. 7. The fact
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that the data give a reasonable value for monolayer density (¢) may indicate that the
former case is the more likely.

Comparison with Existing Experimental Data

Houston8 has reported some emission data for cesium on polycrystalline tantalum.
Since Houston did not measure coverage and it is difficult to compare thermionic data
with contact potential data, only a qualitative comparison will be made. Most important,
the data of Houston indicate the existence of a minimum work function and, for a bare
work function of ~4, 3eV, the minimum value found is ~1. 6 eV. Since our bare work
function is ~4, 15 eV, our minimum value of 1. 68 eV is only in qualitative agreement
with Houston's value.

D. L. Fehrs, R. E. Stickney
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1. INVESTIGATION OF FREE-MOLECULE FLOW FIELDS

The general objective of this research project is to study the fluid dynamics of the
transition regime existing between the free-molecule and continuum limits. Rather than
using wind-tunnel techniques to study the transition flow around bodies, we have chosen
to study the flow through orifices and tubes for the following reasons: (i) the orifice
geometry is particulary well suited, since it minimizes the effect of unknown gas-surface
interactions on the flow;1 (ii) theoretical solutions are known, at least in principle, for
the limiting cases of free-molecule and continuum flow through orifices and tubes;l'3
(iii)the geometry of the apparatus permits us to measure the velocity distribution of
the flow, thereby providing information that is more detailed than that generally avail-
able in wind tunnel tests; (iv)the cost and size of the apparatus are more reasonable;
and (v)the experimental results will be relevant to engineering problems of molecular
beam generation, exhaust of gases into space, and the flow of gases in vacuum systems.

We have recently completed an experimental investigation of the angular distri-
bution of flow from orifices and tubes in the near-free molecule regime.4 Although these
results provide useful information on the nature of the flow, measurements of the
velocity distribution are now desirable because such data provide a complete descrip-
tion which could be used to check and to improve the existing theoretical treatments.

Although the velocity distributions of molecular beams have been studied by a number
of investigators,S_l the results are incomplete because the experiments were limited
to a small range of Knudsen numbers; the designs were such that measurements were
restricted to one direction, that of the center line of the flow; and, in many cases, the
experiments employed tubes or slits instead of sharp-edged orifices. (Since most
theoretical treatments consider orifice flow,lg"15 it IS most important to obtain data
for this type of aperture.) We believe that it is possible to circumvent all of these
limitations by using the technique described below. Also, this technique enables us to

*This work was supported by the National Aeronautics and Space Administration
(Grant NsG-496).
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make absolute measurements for cesium because all of the molecules striking the
detector are ionized and recorded.

Since the basic features of the experimental apparatus have been described in pre-
vious progress reports, we shall concentrate here on the modifications that were
required for measurements of the velocity distribution. The technique is similar to the
time-of-flight method employed by Knauer!! and Kofsky.12 The molecular beam is
interrupted periodically by a rotating disc driven by an electric motor, thereby creating
pulses of molecules. The time, At, required for molecules in a given pulse to reach
the detector is simply related to their speed, v, and the distance from the rotating disc
to the detector, P,

At=L,
v

Hence, the faster molecules will arrive at the detector before the slower ones. By
displaying the detector signal on an oscilloscope, we obtain a waveform that may be
related to the velocity distribution function. (A Moseley Waveform Translator (Type 101)
may be used together with an X-Y recorder to obtain a permanent, enlarged record of
the waveform.)

Some preliminary results are shown in Figs. VIII-10 and VIII-11. The solid curves
represent the theoretical waveforms which would result if the flow were completely free
molecular; the experimental data points are taken from waveform measurements. We
would expect experiment to agree with theory when the Knudsen number (defined here
as the ratio of the mean-free path, X\, to the orifice diameter, D) is sufficiently greater
than unity. Hence, the agreement obtained for »/D = 10.2 (Fig. VIII-10) is an indica-
tion that our apparatus is functioning properly.
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Fig. VII-10. Experimental results for T = 152°C.
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Fig. VIII-11. Experimental results for T =217°C.

According to the experimentalé'11 and theoretical results reported by others, the
normalized velocity distribution for flow from an orifice should exhibit a deficiency of
low-speed molecules when XD is of the order of unity. A deficiency of this nature is
observed in Fig, VIII-11 for XD = 0. 85. (As stated previously, the molecular speed
is inversely proportional to time.)

At the present time we are obtaining data over a range of Knudsen numbers and for
various angles from the flow center line. Tubes having different length-to-diameter
ratios will be investigated after completing the orifice experiments.

R. E. Stickney, Y. S. Lou, S. Yamamoto
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A. ACOUSTIC WAVE AMPLIFICATION

Continued work on the problem of acoustic-wave amplification in a plasma” 2 has

led to the realization that the electron gas should be treated isothermally. The amplifi-
cation mechanism, as described by Ingard,” is a coherent heating of the neutral gas by
the electrons, which are constrained to move in phase with the neutrals and ions.3 A
calculation based on the fluid equations for the three-component system yields in the
isothermal-electron limit the dispersion relation

K = (o/c)(141/wr) /2, (1

where c is the adiabatic speed of sound for the neutral gas, and = is an amplification
time. This agrees with the initial result of Ingard,2

K = (w/c)(1=i/wr)1/2, (2)

in the limit wr » 1, but not for wr £ 1. In fact, one finds that (2) is valid only when
Re k = w/c, but since T is such a large number (10"2 sec $ T S 1sec), an experimental
distinction between (1) and (2) would be difficult to achieve.

Acoustic losses establish a threshold condition

'+<1 (3)
for the observation of an amplified wave. For propagation parallel to a cylindrical
boundary of radius r, one finds

I = (20/pr2)/2 € (0/c)? (1n/3¢) (4)

for a monatomic gas of viscosity n and density p. The dispersion relation actually
observed under the expected quasi-adiabatic conditions, from an expansion of (1),

*This work was supported principally by the U. S. Navy (Office of Naval Research)
under Contract Nonr-1841-(42); and in part by the Joint Services Electronics Programs
(U.S. Army, U. S. Navy and U. S. Air Force) under Contract DA 36-039-AMC-03200(E).
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would be

k = (w/c) —i(1/2cT)(1-T'T). (5)

1. Lateral Acoustic Instability

Continuing work on the problem, described previously,4' 5 of understanding why a
constricted argon discharge kinks when the current is modulated at a lateral acoustic
resonant frequency has led to a simple mechanism for explaining the effect. One may
estimate the ionization rate, by intuition, as

R= yNe(6+Ne) Nn exp (-—aNn/E),
where Ne and Nn are the densities of electrons and neutrals, E is the electric field, and
a, P, and vy are positive constants. This model has the desired properties

1. 8R/8E >0

2. 9R/ON_>0 for aNn/E <1
3. BR/aNn <0 for aNn/E > 1.

If the modulation is sufficient to make both properties 2 and 3 realized during separate
parts of the modulation cycle, the discharge will minimize E, thereby minimizing its
power dissipation, by selecting the high-gas-density region when E is large and the low-
gas-density region when E is small. Thus the path known to be favorable to the

0.02 —

\-z(cm-z)

oon —

0 l |
60 n E0 98 168
2 (kHz?)

Fig. IX-1. Longitudinal structure in the mode (nm) = (01},
as evidenced by the lateral acoustic instability.
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production of an acoustic wave is also preferred energetically in the presence of that
wave. The path is stationary because the gas density and electric field at a given spatial
location are periodic intime. The increase in path length serves to limit the degree of
displacement.

The spatial regularity of the discharge path5 allows one to plot the wavelength h
against modulation frequency v. This is done in Fig. IX-1 for the lowest mode (n= 0,
m = 1), which displays through the linear relation between v2 and )\—2 the very definite
excitation of a series of longitudinal modes based on the fundamental frequency Vol The
line has slope c-z' ¢ being the speed of sound.

2. Acoustic Modulation of Microwave Transmission

Berlande, Goldan, and Goldstein6 have described an experiment in which the micro-

wave transmission coefficient T of a decaying cryogenic helium plasma is demonstrably
modulated by the sound produced by the decay of the electron temperature. An analysis
now being conducted on this experiment seems to indicate that

(i) The electron temperature does not decay to the gas temperature (4. 2°K), but to
a temperature (—300°K)determined by the microwave signal used in making the measure-
ment.

(i) The initial electron density (~2 X 10!l cm—?’) and temperature (~3 X 104 °K) are
also unknown, so that quantitative agreement between theory and experiment can only
be achieved by curve fitting.

1.0—

1 1 I I 1 1 | | |
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

TIME (msec)

Fig. 1X-2 Acoustic modulation of the microwave transmission coefficient
of a decaying cryogenic plasma: theoretical plot for the param-
eters indicated in the text.
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(iii) The insensitivity of the acoustic amplitude to the size of the pulse generating
the plasma may be due in part to an increase in gas temperature, which would defeat
the purpose of raising the electron density and temperature by means of the larger pulse.
A theoretical curve with parameters as indicated in (i)and (ii)above, chosen so as
to fit the experimental data, is shown in Fig. 1X-2. The decay of the plasma is governed
mainly by recombination rather than by diffusion. The transmission coefficient can be
shown to be given approximately by

T= exp(—w;wca/ sz),

where a is the length of the plasma, c is the speed of light, and w/2n is the microwave
frequency. The plasma frequency “p and the collision frequency w, are modulated in
phase with each other by the acoustic wave.

H. M. Schulz 111
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B. ERRATUM: LATERAL ACOUSTIC INSTABILITY

In Quarterly Progress Report No. 81, p. 45, Fig. VI-2, the photograph on the left-
hand side marked "MODULATED" should read UNMODULATED.

H. M. Schulz iII, K. W. Gentle
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X. ELECTRODYNAMICS OF MOVING MEDIA*

Academic and Research Staff

Prof. H. A. Haus
Prof. P. Penfield, Jr.

A. STATUS OF RESEARCH

During the past quarter many of our previous results have been consolidated and
refined, and will appear in a research monograph, to be published by The M. I. T. Press,
Cambridge, Massachusetts (Special Technical Report Number 14 of the Research Lab-
oratory of Electronics). The publication of this book terminates one phase of this study.
Future work will be concerned with extensions to related areas, including but not limited
to (i) force generation in novel media, (ii)general relativity, (iii) applications to
specific experiments and devices, such as wave propagation in nonlinear media or the
acoustic amplifier, and (iv) experimental tests of our theoretical results.

H. A. Haus, P. Penfield, Jr.

B. AMPLIFICATION AT SUBCRITICAL DRIFT VELOCITIES

[This report summarizes a paper to be presented at the Solid State Devices Research

Conference, Chicago, lllinois, June 15-17, 1966, ]

The helicon instability predicted by Baraff and Buchsbaum in layered semiconductor
structures has been of considerable interest because the amplification occurs at "sub-
criticalt drift velocities, i.e. , drift velocities less than the phase velocity of the wave.
Sturrock's criterion developed for conservative (lossless) systems indicates that nega-
tive energy storage and hence amplification will exist if and only if the active system
moves at a speed greater than the phase velocity of the wave under consideration. This
criterion is violated in the Baraff-Buchsbaum case because the system is not conserv-
ative. We have investigated where and how the breakdown of the Sturrock criterion
takes place in the hope that the findings will lead to realization of more practical devices
in which amplification can be achieved at subcritical drift velocities.

It was found that in the Baraff-Buchsbaum case amplification occurs because of
collisions at the interface between the drifting and stationary plasma. If the boundary
conditions at the interface are made conservative by eliminating collisions and intro-
ducing surface currents, amplification at speeds less than the phase velocity does not
occur. The role of collisions in converting dc energy to ac energy at the interface will
be given a simple physical interpretation. Ways of realizing the same mechanisms in

the bulk will also be discussed.
A L. McWhorter, H. A. Haus

[Professor A. L. McWhorter is at Lincoln Laboratory, M. | T.]

k.

This work was supported by the Joint Services Electronics Programs (U. S. Army,
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QPR No. 82 91

fos



PRECEDING P

PLASMA DYNAMICS

3 { 3 § g é L}EQED-
AG



Xl. PLASMA PHYSICS*

Academic and Research Staff

Prof. S C. Brown Prof. J. C. Ingraham E. M. Mattison
Prof. W. P. Allis Dr. G. Lampis W. J. Mulligan

J. J. McCarthy

Graduate Students

M. L. Andrews P. W. Jameson J. K Silk

D. L. Flannery R. L. Kronquist D. W. Swain

E. V. George D. T. Llewellyn-Jones F. Y-F. Tse
G. L. Rogoff

A ELECTROMECHANICAL DEVICE TO FEED EXPERIMENTAL DATA
AUTOMATICALLY INTO A TIME-SHARED COMPUTER SYSTEM —I..r

This report describes the purpose and principles of operation of the device that has
been built. A succeeding report will describe in detail the construction of the device and
its performance under actual operating conditions.

1. Introduction

An important area of application of the project MAC (Machine Aided Cognition — Mul-
tiple Access Computer) Compatible Time-Sharing System is in conjuction with external
laboratory experiments, particulary those in the physical sciences. Here the experi-
menter, with a CTSSterminal next to his apparatus, can enjoy the luxury of an on-line
computer for processing his experimental data as they are produced. In many cases the
ability to feed the data into the computer automatically is highly desirable. This report
describes a simple homemade device that can insert BCD (Binary Coded Decimal) data —
in the present case generated in parallel form by a digital voltmeter (DVM) —into a Type
33KSR teletype terminal at rates up to the maximum of 10 characters per second allowed
by the telephone lines, data sets, and so forth. Such a device could find application in
many areas of physics, physical chemistry or engineering, where an experiment pro-
duces data at a rate no faster than, for example, one 6-digit number per second.

2. The Code

The signal sent to the computer by the teletype and data set consists of a series of
square pulses at 110 cps, i. e. , a voltage alternating between two discrete levels, "mark"
and "space." When no signal is being sent, the data-set output remains at the

%

This work was supported by the United States Atomic Energy Commission
(Contract AT(30-1)-1842).

1'The work reported here was supported, through access to its computer facilities, by
Project MAC, an M. I. T. research program sponsored by the Advanced Research Agency,
Department of Defense, under Office of Naval Research Contract Nonr-4102(01),

PRECEDING PAGE BLANK NOT FIiLMED.
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(XI. PLASMA PHYSICS)

When no signal is being sent, the data-set output remains at the "mark" voltage level.

One character in teletype code consists of 11 bits, each one of which is either a mark
or a space of 1/110 sec = 9 msec duration. The first, or "start," bit of every charac-
ter is a space. Eight information bits follow, then two "end" bits, which are always
"marks." To avoid confusion, the 11 bits constituting the entire character will be
referred to as C-bits, and the 8 information bits will be referred to as I-bits.  Thus
the first I-bit is the second C-bit, and so on.

In the teletype code used by Project MAC, every character has a "mark" for the
eighth I-bit (ninth C-bit). Moreover, all numerals have the same configuration for I-bits
5-7, differing only in the first four I-bits. Since C-bit 1is always a space, C-bits
9, 10, and 11 are always marks, and C-bits 6-8 are the same for all numerals, only
C-bits 2-5 need be provided to specify a numeral, C-bits 1and 6-11 remaining
permanently set.

3. Teletype
Figure XI-1 is a simplified diagram of the hardware configuration. The teletype

consists of three basic units: keyboard, printer, and data set.
When a key is depressed on the keyboard, a single-pole double-throw relay (here-

after called the "main relay") produces a series of contact closures that send to the
printer a sequence of "mark" and "space" voltages in the appropriate character code

l EXPERIMENT

ANALOG DATA
(e.g., VOLTAGE LEVEL)

T
ANALOG-TO-DIGITAL
CONVERTER DUM
KEYBOARD VOLTMETER

|
I| TELETYPE : (e.g., DIGITAL PRINTER
! l

MANUAL AUTOMATIC

|
| o———F—— 1 BLack sox
|
|

/ INPUT-MODE
SELECTOR

SWITCH

| |
| TELETYPE

PRINTER |
| |
| l 3 ) PROJECT

TELETYPE { L Y
[ DATA SET II { ¢ COMPUTER
L BLR l

Fig. XI-1. Simplified schematic of experimental computer system.
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(XI. PLASMA PHYSICS)

and at the proper rate. The data set then sends the character to the computer, while the
printer types it on paper.

The data to be input to the computer is produced by the DVM in the form of a printed
paper tape and BCD-coded voltages, Heretofore the data have been read fromthetape and
typed manually into the keyboard. At present, the equipment accepts the data in elec-
trical form and feeds it directly to the printer and data set. The switch between the key-
board and printer replaces the main relay by a similar SPDT relay actuated by the black
box, enabling the black box to act as an "automatic keyboard.” Because the black box
feeds the printer, a written record of the data is obtained at the same time as they are
sent to the computer.

4., The Black Box

This device is essentially a serializer. The data bits, in the form of positive- or
zero-voltage levels, are presented to it simultaneously. In the present application there
are 4 bits per character: 1-2-4-8-BCD code. This string of 11 pulses, each of 9-msec
duration, actuates the SPDT relay, which substitutes for the main relay and hence for
the keyboard.

The parallel set of bits from the DVM is inserted, upon an appropriate command,
into a memory, which is sampled sequentially by a commutator. The memory is nec-
cessary because the DVM presents the information for only a few milliseconds, whereas
the time required to send the data through the teletype equals the number of characters
x 0.1 second per character. [Time per character = bits x 9 msec/bit.)

Figure XI-2 shows how the information is removed serially from the memory and
sent to the teletype. The memory consists of 24 SPDT latching (bistable) reed relays,
whose arms are connected to the commuter studs. The memory relays place on the
studs "marks" and "space" voltages, which are seen sequentially by the commutator
and applied to the "substitute" relay. The last relay is also a latching reed relay; it
holds each bit {*mark" or "space") until the following stud is sampled.

As mentioned before, C-bits 2-5 are the only ones that change during the trans;
mission of numerical information. Thus C-bits 1 and 6-11 are "dummies" in the mem-
ory, permantly set at the appropriate voltages.

5. The Commutator

The commutator arm is driven by a 60-cpm synchronous electric motor to which it
is connected by an electric clutch and brake. When the DVM presents the data it issues
a "print” command pulse, primarily to actuate the DVM printer. The present device
uses this pulse to: (a)connect the memory to the DVM; and (b) de-energize the brake
and engage the clutch.

The commutator shaft has a cam which, upon completion of each revolution:
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(a)disengages the clutch and energizes the brake; and (b) clears the memory. Thus the
device as a whole has a duty cycle of just over one second (the time for revolution of the
commutator shaft).
A more detailed description of the construction of this device, and a report on its
performance under working conditions will appear subsequently.
D. T. Llewellyn-Jones, E. M. Mattison

B. DIFFUSION WAVES IN HOLLOW-CATHODE ARC

Attempts are being made to excite sinusoidal plasma density perturbations at the
cathode of a hollow-cathode discharge. The resulting diffusion waves will be studied
and should give data from which the effective diffusion coeffieients, D_L and Dy of the
highly ionized dense plasma may be determined.

The theory of diffusion waves was developed by Golubev1 and successfully used by
him to measure diffusion coefficients in a slightly ionized plasma in a magnetic field.2
The results were in good agreement with classical neutral-dominated ambipolar dif-
fusion theory. The present work is directed toward applying this diagnostic technique
to a highly ionized (>30%), dense (n>1013 cm_3) plasma, in which enhanced diffusion may
occur. The plasma is assumed to be characterized by the two ambipolar coefficients,
Dy and D“, and the diffusion equation is solved in cylindrical coordinates with the
requirement of sinusoidal time dependence and complex exponential axial (x)depend-
ence. The resulting separated-variables equation for the transverse coordinate function
R(?J_) is a Helmholtz equation. A discrete infinity of R solutions, or transverse modes,
exists, each having a different z-dependence through the separation constant. FoOr a
cylinder, the R functions are the Bessel functions forced to zero at the plasma bound-
ary and multiplied by an azimthal function of the form eim¢. The unique solution (mode
amplitudes) is fixed by superimposing modes to match the boundary conditions at the
ends of the cylinder. Golubev had a plasma source at one end, and his tube was long
enough to approximate a semi-infinite cylinder so that the boundary condition at the
other end was essentially "no reflected waves." The dependence of each mode is

nj(r:¢, z,t) = AjRj(r’d)) Re{ejwt—yz},

D.Lﬁ;.a +iw 1/2 2
where Y =\ p. A:'l is mode amplitude; ﬁJt is the separation constant deter-
i

mined for the mode. For example, B is (2.4/R) for the first I mode. The real part
of vy is the axial decay rate, and the imaginary part of vy is the wave number for spatial
oscillation in the axial direction. Since we do not expect growing diffusion solu-

tions, the sign of the real part of y must always be chosen to give decay in the
geometry that is being used.
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Since the decay rate increases with B,, the mode with smallest g will dominate the
solution for large z, regardless of the form of the excitation at z= 0. In the Golubev
experiments this was true at points more than two diameters from the source. In the
high-frequency limit, w » D_Lﬁjz, we have

W r
2 = (1 +1).

Y zD, (1 +1i)

The decay rate and wave number are equal and do not depend on D, or B;, and thus are

the same for all modes. This is the familiar result for one-dimensional diffusion waves,

and quite naturally may also be viewed as the limit of small D; , where axial motion
predominates. For w« Dlﬁjz, we have

Yj :ﬁJ'\//‘—"%T.
il

The wave number is zero and pure decay results. The solution is essentially a slowly
varying static diffusion solution. Under suitable conditions, the measurements of the
decay lengths in the two limits can yield the values of D; and Dy. An important advan-
tage of this method is that amplitude decay, rather than phase shift, is measured, since
the latter is usually more difficult to measure accurately.

Since‘the cathode is believed to be a major source of plasma in the HCD, the device
should be good for diffusion-wave studies, provided a suitable method can be found to
modulate the plasma production rate at the cathode, This IS being attempted at present.

Several problems inherent in the HCD device will complicate the diffusion wave
theory needed to go with this experiment. The present geometry is a cylinder with L/D
less than four; the length being limited by available magnetic field structure. The dia-
meter could be decreased, but this would introduce other problems, such as pressure
gradients casued by discharge pumping, and a column too thin for existing microwave
diagnostics. Also, the plasma itself is a complicating factor. Since it is highly ionized,
the diffusion coefficients depend on plasma density and therefore on position. Thermal
gradients and diffusion are also present. There is a beam of streaming electrons from
the cathode, although the bulk of electrons is contained in a Maxwellian distribution.

This work will continue with the goal of obtaining accurate measurement of effective
diffusion coefficients in a highly ionized magnetically confined plasma in which
enhanced or anomalous diffusion may exist.

D. L. Flannery

References

1 V. S Golubevand V. A Granovskii, Radio Engineering and Electronics (USSR).Z,
624 (1962).

2. V. S Golubev, Soviet Physics —JETP 16, 1399 (June 1963).

QPR No. 82 98



(XI. PLASMA PHYSICS)

C. SPATIALLY RESOLVED MEASUREMENTS OF EMISSION LINE PROFILES

1. Introduction

This report presents calculations of the performance of the optical system to be
used in measurements of spectral-line profiles emitted by the hollow-cathode arc dis-
charge. A Fabry-Perot etalon is to be used in the measurements. The computations
presented here were performed to investigate the application of the optical system to
spatially resolved measurements of line profiles.

An interferometer was chosen for this work because it provides high wavelength
resolution, compact size, and relatively large aperture. The initial measurements
will be performed with the use of a helium plasma, because of the large Doppler breadth
of helium emission lines. Further experiments are planned with other gases to which
small concentrations of helium have been added.

The optical system that will be used in the experiment consists of two lenses, the
interferometer, and a pinhole. Light from the plasma is collected by the first lens,
passes through the Fabry-Perot, and is focussed by the second lens on a pinhole. The
light passing through the pinhole is detected by a photomultiplier.

This report presents a calculation of the fraction of light from a point source trans-
mitted by the optical system as a function of the position of the source. The result of
the computation is used to determine the performance of the optical system in spatially
resolved measurements on nonuniform plasmas. For simplicity, the effects of the
Fabry-Perot are assumed to be negligible and the calculations are made for a system
of two lenses and a pinhole.

2. Computation of the Transmission Function

The computation presented here is that of the transmission function of the optical
system shown in Fig. XI-3. The transmission function gives the fraction of the light

LENS 2, FOCAL LENGTH f2 ,
DIAMETER R

=0

LENS 1 , FOCAL LENGTH f
DIAMETER 2R

i’ PINHOLE, RADIUS
rd '

z

o
<1

N
]
)

Z:f1+L z=f1+f2+|.

Fig. XI-3. Optical system.

intensity from an isotropically emitting point source which is transmitted by the optical
system as a function of the position of the source. First, it is shown that rays passing
through a small disk in the focal plane of Lens 1 are transmitted without loss. Then
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this information is used to derive an expression for the transmission function. Finally,
an approximate expression for the transmission function is obtained which is valid for
typical geometrical conditions.

a. Full-Transmission Disk

Rays passing through a small disk in the focal plane of Lens 1are transmitted by
the optical system without loss. To determine the size of this disk, consider a point
source in the focal plane of Lens 1 at a distance o from the axis. The rays from this
source passing through Lens 1form a parallel beam in the region between the two lenses.
The rays are not parallel to the axis. Their slope can be determined immediately from
the construction shown in Fig. XI-4. Ray 1, which is parallel to the axis before it
reaches Lens 1, is refracted by that lens and passes through the focal point of the lens

at z = 2f;,. Ray 2, which passes through the center of Lens 1without deviation, is

LENS 1 ENS 2

=

Fig. XlI-4. Ray tracing for off-axis point in the focal plane of Lens 1.

z

/PINHOLE
; -
e

parallel to Ray 1. Since these two rays are parallel, all other rays from the source
atp are parallel.

The light from the source at (0, Pe) that reaches Lens 2 will be focussed at a point
in the focal plane of the lens at z = f, t f2 t L The p coordinate of the focus can be
found by considering Ray 3, which passes through the center of Lens 2 without deviation.
It reaches the plane z = £t f,tLatp =-p, = -pof2/£f1' Thus all the light from the
source at (O,po) is focussed at (f1+f2+L, —pz) and is transmitted if (pofz/fl) <r, that is,

where r is the pinhole radius at z = f1 tf,+L No light goes through if Po > (flr/fz).
Note that in this calculation it is assumed that all light from the source passing
through Lens 1 also passes through Lens 2. This is not quite correct because the light
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beam that reaches the plane of Lens 2 has a cross-section area equal to the area of the

lens, but ifs center is displaced from the center of the lens. A simple calculation using
the typical dimensions given in Sec. 2¢c shows that the loss at Lens 2 is as small as
5 per cent. It is reasonable to neglect this small loss at Lens 2.

b. General Expression for the Transmission Function

Rays passing through a disk of radius Po = (flr/fz') are transmitted by the optical
system without loss. Rays that do not pass through this disk are not transmitted. The
fraction of the light from a point source emitting isotropically in all directions and
located at an arbitrary position to the left of Lens 1 which is transmitted by the optical
system is equal to the fraction of the light that apparently could have come from a source
in the full-transmission disk. This fraction is given by 2/4w, where © 1S the solid angle
containing all rays passing through the point source which also pass through both the
full-transmission disk and Lens 1.

There is a different expression for the transmission function in each of the three
regions shown in Fig. XI-5. The transmission function for a point source in region
K(K=I,II,III} is given by

R 2.(p, 2)
T kT 4w 7
where (p, z) IS the location of the point source. For a point source in region I, all rays
passing through the full-transmission disk also pass through Lens 1, so Q(p,2) is the
solid angle subtended by the full-transmission disk at (p,z). For a point source in
region 1I, all rays passing through Lens 1 also pass through the full-transmission disk,
SO Q,(p, 2) is the solid angle subtended by Lens 1 at (p,z). For a point source in
region 111, the rays that are transmitted are limited by both the full-transmission disk.
and by Lens 1, so 93(p,z) is the solid angle defined in Fig. XI-5.

A good approximation for the solid angles Q, and 2, is easily computed by using

Qk = 2mw(l-cos ek),

where 0, is the interior half-angle of the cone of solid angle 2
1,1 2%+ p% - P(Z)
Ql(p,z) = 2wl - E+7
5 s11/2 71, 211/2
z +(p-p,) z"+(pte,)
.
- (£,-2)%~ (R-p)(R#p)
2,(p,z) = 274l - s+5 -
2 51/2 2 »11/2
| [(fl-z) + (R-p) ] [(fl—z) +(R+P)J
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Fig. XI-5. Regions of applicability of three exact expressions for
transmission function.

The expression for Q) is a good approximation throughout region I, provided
R ?, and 2, is a good approximation throughout region II, provided pé « ff.
This condition for 2, is fulfilled, as long as the pinhole is small compared with
the lenses.

The solid angle Q, has a minimum value of zero at the outer edge of region III and a

maximum value of
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at the point on the z-axis which forms the common boundary of regions I, 11,

and IlI.
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c. Approximate Expression for the Transmission Function

An approximation to the transmission function will now be obtained which is valid
for typical geometrical conditions. The dimensions of the optical system to be used in
the Fabry-Perot measurement of the profiles of lines emitted by the hollow-cathode arc
discharge are f1 = 10 cm, f2 =20cm, R=25cm, L=50cm, r = 1.225 X 10_2cm.

For these dimensions, 2 and Q, vary only slightly with p for fixed z. This can be
seen by considering, for example a point (p, z) in region I. The solid angle 2, is
approximately the area of the full-transmission disk divided by the square of the
distance from the point (p, z) to the disk, or

2
™,

9 ® oZ 1 2

For the dimensions given above p < (1/4)z in region | and as p goes from zero to (1/4)z,
Q changes by only 6 per cent. A similar calculation applies to Q. Such a small error
is made in approximating 2 (p ,z)(k=1,2) by 2 (0, Z) because the maximum variation in

p is much less than the distance from (p, z) to the disk that defines Q. Thus the first
approximation that we make is that all points on any cross-section disk in regions | or
II have the same transmission function, Tk(o, 2).

For the dimensions given above it is also a reasonable approximation to neglect the
contribution of the light from region 111. The volume of region III is only =0. 3 per cent
of the volume of region I, and the transmission function for points in region 111 is less
than the transmission function for points in region I. If the radiation source were very
inhomogeneous, it might not be valid to neglect radiation from region 111 For example,
if the emitted intensity changes by a factor of 100 over a distance comparable to a typical
dimension, Por of region 111, this approximation would be invalid.

In region I, z= pofl/(R+po) ] 490 for the dimensions given above, so that z2 » ps
and the expression for Ql can be expanded, with terms of the order of (po/z)4 and
higher neglected. The resulting approximate expression for the transmission func-

tion is

Q(O z)
Tylp,2) = T (0,2) =~ —c 1( >()

Thus in region | the transmission function decreases as 1/z 2.

In region I z < pf| /(R+p ) mdp_ = 5X 1072 cm, sothat z/f & 5x 1073 ecm« 1 cm,
and also (R /f ) 1/16 « 1 The expressmn for Q, can be expanded with z/f and
(R/f ) and smaller terms relative to one neglected. The approximate expression for

the transmission function that is obtained is
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Thus in region Il the transmission function is independent of z. Figure XI-6 shows the
transmission function for p = 0 in regions | and 11 as a function of z for the chosen
typical conditions.
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Fig. XI1-6. Approximate transmission function vs distance of point source
from focal point of Lens 1.

As a final approximation, Py is neglected in comparison with R in the expressions
giving the boundary between regions | and 11. In this approximation the volume from
which the optical system accepts light is symmetric with respect to the plane z=0. The
transmission function can be written

LAY o2 0

T(z) =T1<Z>=z(‘f;> %) 2l >R 3,
2
T(2) = T, = L(RY <zl
4 fl sz
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Note that the transmission function for a point in region | depends on the size of the
pinhole, while the transmission function for a point in region II depends upon the size
of the lenses. The transmission function for a point source anywhere in region 1lis the
same as the transmission function for a point at the origin (that is, at the focal point
of Lens 1). Tz(z) is independent of the size of the pinhole because the cross-section
area, at the plane of the pinhole, of a pencil of rays from a point source in region II
is smaller than the pinhole. The size of region II is determined by the radius
of the pinhole. Hence the total light intensity transmitted by the optics from
region II in an extended source decreases with decreasing pinhole size, as is
shown below.

T, (2) does not depend on the size of the lenses because the pinhole only transmits
rays from a source in region | which pass through the full-transmission disk.

3. Application to Plasma Measurements

The approximate expression for the transmission function obtained above will be
used here to determine the performance of the optical system of Fig. XI-3 in optical
measurements on plasmas. The contributions of regions | and II of Fig. XI-5 to the
intensity of light through the pinhole are computed for a uniform slab of plasma. For
a cylindrical plasma in which the light flux from a unit volume varies parabolically with
radius, It is shown that the Abel inversion can be used to determine the spatial distri-
bution of light emission. For a cylindrical plasma in which the emitted intensity
per unit volume is a general function, a numerical method must be used. To
obtain the spatial distribution of a line profile, the power (light flux) emitted by
aunit volume must be determined as a function of position at several wavelengths
within the line breadth.

a. Uniform Plasma Slab

A computation of the contributions of regions I and II to the intensity of the light
passing through the pinhole for a.uniform slab of plasma will now be presented. The
slab has thickness 2a and is centered at z = 0, that is, atthe focal point of Lens 1. The
power radiated by unit volume of the slab is taken to be unity. The power through the
pinhole is given by

+a
1= S‘ A(z) dxdydz = A(z) T(z) dz,
A% -a
where A(z) is the area perpendicular to the z-axis of an elemental volume Adz, and V
is the volume common to the plasma and the region from which light is accepted by the
optical system. Using the approximations of Sec. 2c, the power of the light from
region | transmitted by the pinhole is
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a - Rf1 2 a 1 rfi
I =ZS‘ T.(z) A(z) dz = 5{—5 SI -1z - dz
1 rf? 1 2 fZ rff z2 sz

sz sz

h)

2
2\ f :
2 2
rfz
In evaluating the integral, terms of the order of %(RTI> have been neglected as com-
2

pared with a, which is less than 1 per centerror for a > 0.25 cm. The power of the
light from region II transmitted by the pinhole is I, = T,V,, where v, is the volume of
region 1. Hence

2
I =£(f_l> R
27 6\f, ) f,

The ratio of the power from the small region 11lnear the origin to the power from the
rest of the plasma is

I f2r
2 - =——- ]
Il—3f2RA~Ea'

Thus (Iz/Il) < 3% for a> 0. 25 cm. Most of the light comes from the plasma in region I,
despite the fact that the transmission coefficient is much smaller for a point in region |

than for a point in region 11 This is so because the volume of region | is much greater
than that of region 11. The ratio of the volumes (VI/VZ) > 103 for a > 0. 25 cm.

b. Cylindrical Plasma — Parabolic Distribution of Emission Intensity

A cylindrical plasma in which the power radiated per unit volume falls off paraboli-
cally with increasing distance from the axis will be considered here. The geometry is
shown in Fig. XI-7. The axis of the plasma lies along the y-axis of the rectangular
coordinate system. The plasma radius is b. The axis of the optical system is parallel
to the z axis with the focal point of Lens 1 at (xS,O,O). Light is collected from the
shaded region of the plasma. The power emitted by a unit volume of plasma is

rZ
e(r) = —-];2— 5

where r2 = x2 + zz.
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If e(r) does not drop off too rapidly with r, that is, for sufficiently large b, several
simplifications can be made which permit the Abel integral inversion to be used. These
approximations are valid to better than 1 per cent accuracy when b > 0.25 cm. For this
condition, the contribution to the total intensity transmitted by the optical system from
region II can be neglected for the typical dimensions used in Sec, 2c¢c, even when the
optical axis passes through the center of the plasma. Also, the emission per unit vol-
ume from all points on the disk shown in Fig. XI-7 can be taken to be e(¥), where

T=./2%+ xz. This means that the intensity emitted at any point on this disk is the

same as the intensity emitted on the optical axis. Thus the power transmitted by the
optical system is

2 2
Z Z Z +x
I(XS) =2 g e (./ 2% 4 x2> A(z) T(z) dz = 2 S m ( —z-ﬁ\) A(z) T(z) dz,
Y 1

0 N

where Zoy = / p? - XZ‘ This approximation for the upper limit of integration is the

same as the standard approximation made when using the Abel inversion. It can be
seen by referring to Fig. XI-7 that this assumption approximates the curved surface

Y
Fig. XI1-7. Geometry for cylindrical plasma.

of the cylinder by a number of disk-shaped plane elements parallel to the x-y plane
whose centers are at the intersection of the optical axis and the surface of the cylinder,
This is a valid approximation because the cone of acceptance of the optical system is
slender (the tangent of its interior half-angle is approximately 1/4). Moreover, the
region of the volume of acceptance which is influenced by the approximation is the region
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in which the emission intensity is small. Writing the lower limit of the integral as zero
extends region | up to the x-y plane, an approximation that in part offsets neglecting
light from region 1L
The integral for I(xs) can be written in terms of r as
. er b e€(r) rdr 7
gl =2 f 2 2
X
S r —XS
by using the relation 2 =22t xg. The power radiated per unit volume €(r) can be found

by means of the Abel inversion. It is

2
2 f2 b I'(xs) dxs
€(r) = 2\Rr T
T r 2 2

X -r
S

2

f

The factor -%(RZI) displays the influence of the particular optical system considered
m

in these calculations. In most experiments in which the Abel inversion is used to obtain
the space distribution of light emission, the cross section of the acceptance volume of

2
f
the optics is independent of z, and the factor %(wﬁ) is simply ']:,—’Clmes the reciprocal
T .Rr

of the slit-area connected with the experiment.
c. Cylindrical Plasma — General Distribution of Emission Intensity

Here, the case of a cylindrically symmetric plasma in which the power radiated per
unit volume is a general function of the radial coordinate is considered. The geometry
is the same as that above and is shown in Fig. XI-7. For this case, the power trans-
mitted by the optical system is

I(xs) = Sg v dxdydz e(r) T(z),

where V is the volume common to the acceptance region of the optical system and the
plasma. This equation can be rewritten

Pof1 2
2 A fr z
I(x) = (-5> 5‘ R Wiz, x )dz—<—1—> m pz,x) 92,
s f s f : s
1 0 2 pof1 z
R
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where

Xs"'po'}%E 2
h(z,x_) = S‘ Dax P —%E - (x-x )4 e(r).
s Rz v o” T, s

X5 PotT,
1
The first integral in the expression for I(xS) is the contribution from region II, and the
second integral is the contribution from region I. The expression for h(z, x) is derived
under the assumption that the emission from the regions of the plasma near the surface
may be calculated by approximating the plasma volume elements in this region by disk-
shaped plane elements parallel to the x-y plane, as in the preceding section. Therefore,

. - 2 2
if the plasma is b, Z b® - X -

In this case it is possible to determine e€(r) by assuming that it is given by a power

n

series, €(r) = = cn(x2+zz) , and substituting this in the integrals above. This sub-
n=0

stitution yields a set of linear equations, of which the left-hand sides are the measured

values of I(x), and the right-hand sides are linear summations containing the coefficients
Cy These coefficients are determined by solving this set of equations with the aid of a
computer.
These calculations will be applied to measurements that are to be made on a DC
hollow-cathode arc.
J. D. Silk, J. C. Ingraham
D. MICROWAVE SCATTERING FROM AN ELECTRON-BEAM PRODUCED PLASMA

Observations have been made of the scattering of microwaves from electron density
fluctuations in a plasma produced by an electron beam. The nature of the fluctuations
is not yet clear, but the most likely possibility is that they are longitudinal plasma waves
excited by the beam.

The theory of density fluctuations in plasmas and the scattering of electromagnetic
radiation from these fluctuations has been analyzed by Fejer,l Ichimaru,2 and Salpeter.
The frequency of the scattered radiation is shifted from the incident frequency by zf,
where f is the frequency of the density fluctuation responsible for the scattering. The
amplitude of the scattered radiation is approximately proportional to the potential energy
of the density fluctuation. Scattering of electromagnetic waves from plasmas provides
a method for investigating the spectrum of density fluctuations, and scattering experi-
ments have been carried out to investigate both thermal fluctuations4 and large-
amplitude fluctuations associated with unstable plasma waves. 5

In our experiment radiation at an X-band frequency was incident on the plasma from
a waveguide, and a separate waveguide picked up the radiation that was scattered by the
plasma. The scattered radiation was shifted in frequency from the incident radiation

3
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by the frequency of the density fluctuations which were observed independently by means
of probes inserted into the plasma.

The experimental tube is illustrated in Fig. XI-8. The electron gun, located at one
end of the tube, fires an electron beam into argon gas and ionized it. The axis of the
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ANALYSER OR
T RADIOMETEF
14¢
| o Ll I_COAXIAL
B ! 15 ||| R-F PROBE CABLE

ELECTRON | 7]

F > TO VACUUN
SYSTEM

Fig. XI-8. Experimental tube.

tube is aligned along a uniform magnetic field, but the electron gun is shielded from the
field, so that the beam electrons acquire transverse energy as they enter the magnetic
field. There are two probes, a guard-ring Langmuir probe and an RF probe, which can
be moved radially into the plasma by means of bellows. The RF probe is a coaxial cable
enclosed completely in glass so that it draws no DC current from the plasma. At the
far end of the tube is a collector assembly which consists of a flat circular plate with
two grids in front of it. The grids could be biased to determine the axial velocity of the
electron beam, but, forthis experiment, the entire assembly was grounded as was the
anode of the gun so that no axial electric field existed in the main section of the tube. Two
pieces of X-band wave guide are mounted with their axes perpendicular to the axis
of the tube as shown in Fig. XI-9. A block diagram of the experimental apparatus is
shown in Fig. XI-10.

Both the RF probe and the Langmuir probe could be connected to a spectrum
analyzer, and signals from each of them exhibited maxima at roughly the same
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X-BAND
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Fig. XI-9. Scattering geometry.

frequencies. A peak was observed whose frequency could be varied from approxi-
mately 200 Mc to 400 Mc by varying the gas pressure, magnetic field, and beam voltage
and current. The frequency of the peak increased whenever the value of any of
these parameters was increased, the others being held constant. The magnetic
field was of the order of 250 Gauss, so the cyclotron frequency was approximately
700 Mc. Since the observed peak was well below this value, it could not be

KLYSTRON MATCHING ATTENUATOR ISOLATOR |—= WAVEMETER |—
DEVICE

POWER
METER

< > FERRITE DIRECTIONAL
@ SWITCH ISOLATOR COUPLER

X-BAND RADIOMETER
(TUNED TO 9500 Mc)

Fig. XI1-10. Diagram of the experimental apparatus.
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interpreted as cyclotron radiation, nor could it be associated with the resonance at the

upper hybrid frequency, « = witwg. The frequency values 200-400 Mc were

reasonable values, however, for an assumed plasma frequency.

The radiometer detected microwave radiation at £, = 9500 Mc coming from the
plasma whenever all of the following conditions were satisfied.

1. Microwave radiation at frequency £, o was incident on the plasma.

2. A disturbance at frequency ffluc existed in the plasma, this signal being picked
up by the RF probe and displayed on a spectrum analyzer.

3. The relation fo :f‘in tf was satisfied.

¢ fluc
The frequency of the incident microwave radiation was varied, keeping the power
constant, and the radiometer output was plotted against Af = f - finc‘ The results

from two separate data runs are shown in Fig. XI-11 by the dashed and solid lines.
Also shown in Fig. XI-11 is the direct display on the spectrum analyzer of the
fluctuation signal as seen by the RF probe.

The following comments should be made regarding Fig. XI-11.

1 The multiple peaks in the spectrum-analyzer display of the signal picked up by
the RF probe were found to be instrumental. This fine structure resulted from standing
waves in the coaxial cable connecting the RF probe to the spectrum analyzer. Consider-
able fine structure was also seen in the scattering data with somewhat different experi-
mental parameters, and an effort will be made to determine whether this is also
instrumental or if it can be related to standing waves in the plasma resulting from the
finite geometry.

2. The base line for the scattering peaks falls well below zero. This is an instru-
mental effect caused by radiation at 9500 Mc in the wings of the incident klystron sig-
nal leaking through the ferrite switch and being detected by the radiometer. This effect
was later corrected by placing a transmission cavity tuned to the incident frequency
in the line between the klystron and the ferrite switch.

3. The scattering data indicated by the dashed line were taken approximately one
hour after the data indicated by the solid line. The change in amplitude of the
scattered signal may be associated with a drift in the experimental pressure or with a
change in the emission from the electron gun.

It was observed that the noise signal from the plasma and the scattering effect dis-
appeared suddenly when the gas pressure exceeded a critical value of =10-4 mm Hg.
Although no measurements of electron density and temperature were made for the
plasma because of the poisoning of the cathode, the Langmuir probe was moved through
the electron beam to determine its cross section when no gas was present. The beam

current and voltage were also measured, and the electron density of the beam was cal-
culated from the relation i = Nb evA, This gave Nb = 1.4 X 108 electrons/cm3. If the
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total electron density (plasma plus beam) were =1, 1 X 109 electrons/cm3 when argon

gas at a pressure of 8.5 X 107> mm Hg was present, the plasma frequency would be
330 Mc/sec, equal to the frequency of the observed signal.

Since quantitative measurements were not made, comments regarding the nature of
the disturbance in the plasma from which the scattering occurred can only be specula-
tive. The observations above suggest, however, the possibility that the scattering was
from electron density fluctuations associated with a longitudinal plasma wave, which
was unstable because of a coupling with the electron beam, the instability becoming
guenched when damping caused by electron neutral collisions became too high.

R. L. Kronquist
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E. BUBBLE WINDOWS FOR FAR INFRARED RADIATION

Plasma tubes used in far infrared experiments (0.1 mm <A < 1.0 mm) are usually
equipped with crystal quartz windows, because of the high transmission of crystal quartz
in this spectral region.1 Since radiant energy is at a premium at far infrared wave-
lengths, this advantage of crystal quartz usually outweighs such a disadvantage as not
being able to fuse the windows onto the plasma tube envelope. (They are usually
mounted with rubber O-ring type assemblies.) Fused quartz does not have this disadvan-
tage, but its transmission is significantly lower than that of crystal quartz.lAnother con-
sideration is important, however, in comparing these two materials. It has been shown
by Filippov and Yaroslavskii® that the transmission of crystal quartz changes with
temperature, whereas that of fused quartz does not. For example, at 150~y wavelength,
the transmission of a plate of crystal quartz, 2 mm thick, changes from ~75 to ~71%
for atemperature change from 300°K to 350°K. This represents more than a 5%
decrease in transmission. The transmission of an equally thick plate of fused quartz
remains constant at ~25% for the same temperature change. The temperature depend-
ence of crystal-quartz transmission may be a significant disadvantage in some exper-
iments. For example, in an emission or propagation experiment in which
the plasma heats the windows and the far infrared power level measured with the plasma
on is compared with the level measured with the plasma off. Of course, changes in

QPR No. 82 114



(XI. PLASMA PHYSICS)

window transmission become increasingly important, the more passes the radiation
makes through the windows.

In experiments in which the temperature dependence of crystal-quartz transmission
is important, fused-quartz windows should be used in spite of their lower transmission.
To overcome the disadvantage of the lower transmission, the windows must be as thin
as possible; however, relatively large windows are usually necessary, since energy
considerations usually require far infrared beams of large area. Thus a large,
thin window must form part of the wall of the evacuated plasma chamber. Such a
window, if it is flat, would collapse under atmospheric pressure unless supported
internally, possibly by a metallic grid of some kind. An alternative is a thin-walled
guartz bubble blown inward (convex toward the low-pressure region), so that it is
always under tension when subjected to the large pressure differential. If properly
constructed, such a window can be self-supporting and extremely thin (a few thousandths
of an inch thick), and may have far infrared transmission coefficients comparable to
or larger than those of typical crystal-quartz windows. Such a bubble window is sim-
ilar to those sometimes used on nuclear counters.

Fig. XI-12. Photograph of the bubble window.
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Figure XlI-12 shows a bubble window that has been constructed.® The diameter of
the bubble opening is 5.8 cm. The bubble is approximately 0.0045 inch thick in the
region that would be traversed by a 5-cm diameter beam (the beam size for which the
bubble was constructed), varying from —-0.00425 inch in a few regions near the center
to —0.006 inch in some regions, particularly near its periphery. The ability of this
window to withstand atmospheric pressure when evacuated has been tested and verified.

The imperfections visible in the photograph are, for the most part, on the quartz
wall surrounding the bubble rather than on the bubble itself. On the bubble, however,
there are "draw lines" characteristic of drawn quartz and some small but visible
bubbles and inclusions. The image distortions produced by these imperfections should
be of little consequence in most plasma emission or absorption experiments.

The far infrared transmission of this window has been measured from wave number
(v=1/2) v=3 em” T\ =3. 33 mm) tov = 55 em™! (A~ 182p) by using a far infrared
Michelson interferometer.4 Some results of these measurements are shown in
Fig. XlI-13, in which the three curves correspond to three different positions of the win-
dow in the interferometer. The rapid fluctuations are due to such effects as instru-
mental noise and are unrelated to window properties. Each of the curves represents
the ratio of two spectra, one obtained with the window in the optical path of the instru-
ment (numerator), the other with the window removed (denominator). In all cases an
aperture of 4-cm diameter was kept fixed, close to the window location, in order
to define a beam and to eliminate any effects that the outer edges or walls of the window
might have on the transmitted radiation. Curves a and b correspond to a window
location between the beam splitter and detector of the interferometer (the window was
=13 inches from the detector). Curve a corresponds to the beam 'coming out' through
the window, (leftto right in Fig. XI-12), and curve b corresponds to the beam 'going
in' through the window (rightto left in Fig. XI1-12). As might be expected, there is no
apparent difference between these two transmission curves. Curve ¢ corresponds to
a window position between the mercury arc source of the interferometer and the beam
splitter with the beam '‘coming out' of the window, as for curve a. In all cases the
transmission varies between approximately 70% and 90%.

All three curves show the channel spectrum produced by interference of internally
reflected radiation. The spacing of maxima and minima agree reasonably well with what
would be expected for a quartz slab, 0.0045 inch thick, with a refractive index of 1.95.
This refractive index agrees quite well with the measured value for fused quartz.s It
was found that for thicker windows (~0. 010 inch) of similar over-all dimensions the
channel spectrum tends to disappear, with the transmission remaining fairly flat at
—-80%. This value is approximately the same as the average value of the transmission
curves (Fig. XI-13) of the thinner window; this suggests that transmission losses are
due primarily to reflection rather than absorption.
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(XI. PLASMA PHYSICS)

A window of this type might be expected to act as a negative meniscus lens, a
diverging lens (thinner at the center than at the edges) with the centers of curvature of
both surfaces located on the same side of the lens. Any beam divergence, or "lens
effect,® should appear as a decrease in transmission when the window is moved farther
from the detector. Curve c shows the transmission of the window when it is located
almost three times farther from the detector than for curves a and b. No lens effect
is apparent in these measurements. A lens effect is not observed because the window,
although it has significant curvature, is extremely thin and its thickness is reasonably
uniform over the region traversed by the beam.

The effect of the window in phase-shift measurements (e.g. , window in one arm of
the interferometer) has not been checked. Any such effect is of no consequence for the
present intended application of the window, which involves only its power -transmission
properties.

The effect of the window on an arbitrary ray is not very different from that of a flat
slab of the same thickness, since the surface normal at the point of incidence on one
surface is almost parallel to the normal at the point of emergence from the other sur-
face. Consequently, the effect of the window is to shift the ray laterally because of its
finite thickness, and to give the emerging ray only a slight angular displacement with
respect to the incident ray. Clearly, both of these effects are small; however, since
the angular displacement, unlike the lateral displacement, causes a point along the ray
to deviate from its original position (i.e. , with no window present) increasingly as the

SURFACE 2

Fig. XI-14. Geometrical construction for calculating ray divergence.
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distance from the window increases, an estimate of the magnitude of this effect would
be valuable.

In Fig. XI-14 ABCD is an arbitrary ray, and the shaded region represents the window.
Its thickness, d, is small compared with the radii of curvature (rl,rz; r; < rz) of its
surfaces, which are assumed to be spherical and concentric. ez and 91 are the
(external)angles of incidence and emergence, respectively; b, and ¢, are the (internal)
angles of refraction and incidence at surfaces 2 and 1, respectively. It can be shown
quite easily that the angle 5, between the outgoing ray (CD) and the incident ray (AB)is
given by

5 = d (tane, —tand,). 1)
o r; 2 1

For a ray traveling in the reverse direction (DCBA) the angular deviation measured with
respect to surface normal CO is

61 = -;d; (tan®, -tan ¢1). (2)
Since in both cases el, 2>4, , 5, is always positive, and 8, is always negative, thereby
indicating that for a ray incivent on the outer surface (8,) the emerging ray deviates
away from the direction of the surface normal, and for a ray incident on the inner sur-
face (6i) the ray deviates toward the direction of the surface normal. The magnitudes

of the angular deviation are approximately equal in both cases. This means, for
example, that a bundle of rays initially parallel to the window axis would diverge if
incident on the window from either side, as expected.6 From Eg- 1, we find that for a
window refractive index of 1.95, d = 0.005 inch, r, = 1inch, and ez = 60°, we get 60 =

6. 2 mrad; this implies that a parallel beam initially of 5-cm diameter will diverge to a
diameter of only —6. 24 cm at a distance of one meter beyond the window.

Reflection losses from the curved window become significant only near its periphery
where the incoming light rays have large angles of incidence. Figure XI-15 shows the
reflectance for a dielectric material with a refractive index of 1. 95 as a function of angle
of incidence. These reflectances were calculated by means of the Fresnel reflection
formulas for an air-dielectric interface. P and P are the reflectances for radiation
polarized perpendicular to and parallel to the plane of incidence, respectively. p is their
average value, which is characteristic of unpolarized light. § is also characteristic of a
polarized beam that is uniform both in intensity and polarization over an annulus on the
window given by a fixed value of 0. In this case, p represents the average reflectance of
the annulus.

Figure XI-15 also gives the internal reflection loss at the second dielectric-air inter-
face of 0 is identified with the angle of refraction at that surface (i.e. , the angle between
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Fig. XI-15. Calculated reflectance of the fused-quartz surface.

the outgoing ray and surface normal). Because the window is very thin, this angle is
approximately equal to the angle of incidence at the first boundary; this indicates that
the percentage power loss by reflection is approximately the same at both boundaries.

The reflection loss remains fairly constant at small angles and does not become sig-
nificant until 8> 60° (at 8= 60%, ? = 15%). For the window shown in Fig.XI-12 all rays ina
5 cm diameter beam of parallel light have angles of incidence @ < 60°. In connection
with the reflection effects of the window it should be noted that the curvature of the win-
dow causes most of the reflected radiation to be directed out of the beam rather than
back into the beam. This can be a definite advantage in some experimental situations.

The transmission measurements discussed in this report were made with the gen-
erous assistance of D. T. Llewellyn-Jones, both in the operation of his interferometer
and in the processing of the data.

G. L. Rogoff
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5 R. Geick, Z. Physik, 161, 116 (1961).

6. Although the sign of 6 is different for the two directions of propagation of a given

ray, the position of the surface normal to which 6 is referred changes from, say,
above the emergent ray for one direction of propagation to below the emergent ray
for the other direction of propagation. Thus the emergent ray in both cases diverges

from the window axis.
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XII. GASEOUS ELECTRONICS*

Academic and Research Staff

Prof. S. C. Brown Prof. J. C. Ingraham W. J. Mulligan
Prof. W. P. Allis J. J. McCarthy A. E. Novenski

Graduate Students

A. J. Cohen J. E. McClintock T. T. Wilheit, Jr.
G. A. Garosi L. D. Pleasance B. L. Wright

A. LOW-FREQUENCY OSCILLATIONS IN AN ELECTRON-CYCLOTRON
RESONANCE DISCHARGE

An experiment has been initiated to study the low-frequency plasma waves that are
excited in a volume of plasma produced by microwave breakdown at the electron-
cyclotron frequency. The experiment will be described and preliminary results quoted.

The plasma is contained in a cylindrical quartz tube of 1.3-cm inner diameter which
is aligned parallel to a DC magnetic field. The tube is also inserted through the center
of the broad face of a rectangular 1X 2 in. brass waveguide so that the tube axis is at an
angle of 5. 7" relative to the waveguide axis. During the experiment the tube is filled
with helium gas at pressures of 0.005-0.100 Torr and a microwave signhal of approxi-
mately 1 watt power and 6000-Mc frequency is transmitted through the plasma. For
values of the magnetic field sufficiently close to the electron-cyclotron resonance value
a plasma is produced in the volume of gas within the waveguide. The resultant electron
density is estimated to be between 1019 and 10!} cm'3, and the electron temperature to
be between 1 and 10 eV,

The magnetic field is varied manually across the range of values (AB-100 gauss) for
which a plasma can be produced, and the amplitudes of the microwave power transmitted
through and reflected from the plasma are monitored on an oscilloscope. For several
smaller ranges of values of the magnetic field (AB-2 gauss) within the 100-gauss range
of magnetic-field values, the microwave amplitudes are modulated at definite frequen-
cies from 30 kc to 1000 ke, thereby indicating the presence of a low-frequency wave in
the plasma. In some cases more than one modulation frequency is present at the same
time. In between the magnetic field values at which the microwave signal is modulated
at well-defined frequencies the modulation is still present but it is not possible to define
a definite frequency (or frequencies) of oscillation. Figure XlI-1 shows photographs of
typical amplitude modulations of the transmitted microwave signal as displayed on the
oscilloscope.

Figure Xl1-2 displays typical data taken for a fixed microwave power (1.22 watts)

*This work was supported by the Joint Services Electronics Programs (U.S. Army,
U.S. Navy, and U. S. Air Force) under Contract DA 36-039-AMC-03200(E).
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and frequency (6025 Mc). Electron-cyclotron resonance is indicated by a vertical line
at the appropriate magnetic field and the ion-cyclotron frequency is plotted as a lin-
early increasing function of magnetic field.

(a)

Fig. XII-1.

(a) 715-kc oscillation for 6025-Mc excitation,
p = 0.05 Torr, time-scale 2 psec/division.
(b) 100-kc signal for 6025-Mc excitation, p =
0.015 Torr, time-scale 5 wsec/division.
(c) 100-kc and 675-kc signals for 6025-Mc
excitation, time-scale 10 psec/division.

(b).

(c)

The oscillation frequencies occur below the ion-cyclotron frequency. At higher pres-
sures only the higher frequency oscillations occur. The 667-kc and 500-kc frequencies
recurred most often throughout the experiments.

Fluctuations in the light emitted from the plasma, as a function of position along the
length of the plasma, were observed by using a photomultiplier and fiber optic light
guide that made it possible to view the plasma light emitted through a longitudinal slit
cut along the middle of the broad waveguide face. No variation of the light signal ampli-
tude along the plasma length was observed which indicated the absence of standing waves
parallel to the tube axis having wavelengths shorter than twice the tube length.

Further measurements of the relative phase of light emitted from two different
points along the tube length or from two different points around the tube circumference
are planned. Measurements of this kind are necessary before a meaningful analysis of
the nature of these waves can be made. Furthermore, it must be determined whether the
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strong coupling of the microwave ionizing energy to the plasma alters the dispersion
relation of these waves from what it would be in a similar plasma but with the micro-
wave power absent.

We shall now calculate some typical frequencies for plasma waves that could propa-
gate within the plasma 